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Genetically engineered cells are provided which can serve as 
universal donor cells in such applications as reconstruction 
of vascular linings or the administration of therapeutic 
agents. The cells include a coding region which provides 
protection against complement-based lysis, i.e., hyperacute 
rejection. In addition, the cell's natural genome is changed 
so that functional proteins encoded by either the class II or 
both the class I and the class II major histocompatibility 
complex genes do not appear on the cell's surface. In this 
way, attack by T-cells is avoided. Optionally, the cells can 
include a self-destruction mechanism so that they can be 
removed from the host when no longer needed. 
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UNIVERSAL DONORCELLS 

This application is a CIP of Ser. No. 071906.394, filed 
Jun. 29, 1992, now abandoned, and this application is a 
continuation in part of U.S. Ser. No. 08/271,562 filed Jul. 7, 
1994, which is a continuation of U.S. Ser. No. 07f729,926 
filed Jul. 15, 1991 by Sims and Bothwell, now abandoned, 
which is a continuation in part of U.S. Ser. No. 07/365,199 
filed Jun. 12, 1989, issued as U.S. Pat. No. 5,135,916 to Sims 
and Wiedmer. 

The U.S. Government has rights in this invention by 
virtue of Grants Nos. GM40924, 5 K11 HCO2351, RO1 HL 
28373, and 9T32 DK07556, awarded by the Department of 
Health and Human Services. 

BACKGROUND OF THE INVENTION 

This invention relates to genetically engineered endothe 
lial cells and, in particular, to endothelial cells which have 
been modified to resist lysis and activation by complement 
and evade the host's immune mechanisms for removing 
foreign cells, when inserted into a non-autologous host. 

Endothelial cells are specialized cells which form the 
lining of the heart and the blood vessels. Because of their 
direct contact with the circulating blood, a number of 
proposals have been made to genetically engineer these cells 
and use them as "in vivo" drug delivery systems, for 
example, by Culliton, B. J. 1989. "Designing Cells to 
Deliver Drugs,” Science 246:746-751; and Zwiebel et al., 
"High-Level Recombinant Gene Expression in Rabbit 
Endothelial Cells Transduced by Retroviral Vectors,” Sci 
ence 243:220-222 (transfer of a human adenosine deami 
nase gene and a rat growth hormone gene to aortic endot 
helial cells using a retrovital vector and demonstration of the 
secretion of rat growth hormone from such cells after 
seeding onto a synthetic vascular graft). 

Natural endothelia cells play important roles in normal 
physiology. In particular, these cells constitute the interface 
between the blood and the vessel wall and the organs of the 
body. As such, endothelial cells secrete various natural 
products directly into the blood stream, maintain an anti 
thrombotic surface on the inside of the vessel, restrict 
leukocytes from penetrating the vessel wall, regulate various 
of the biological properties of smooth muscle cells, and 
participate in the control of vessel wall tone. Therefore, loss 
of endothelial cells results in the loss of these normal 
physiological processes and ultimately leads to pathological 
conditions such as coronary artery disease, organ transplant 
rejection and vasculitis. 

Accordingly, in addition to their use as a medium for the 
in vivo administration of therapeutics, there is a need to 
provide genetically engineered endothelial cells to replace 
natural endothelial cells which have been lost due to disease 
or Surgery. 

In the past, proposals and/or efforts to use endothelial 
cells for either administration of therapeutics or cell replace 
ment have generally been limited to autologous cells, i.e., 
cells derived from the organism undergoing treatment. 
Alternatively, the patient must be immunosuppressed, which 
is costly and leaves the patient vulnerable to infection. 

This approach has suffered from a number of problems. 
For example, it is difficult to harvest healthy endothelial 
cells from the individual to be treated in significant quanti 
ties. The procedures for doing so require removal of a 
section of vasculature and then scraping or otherwise dis 
lodging the endothelial cells from the walls of the vessels. 
As a result, to be useful for cell replacement, a large number 
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of autologous endothelial cells must be grown in culture. To 
be of practical use, especially in the case of cell replacement, 
this culturing must take place quickly. Unfortunately, the 
cell doubling time for endothelial cells is on the order of at 
least 24 to 48 hours, leading to time periods on the order of 
a week or more before sufficient quantities of endothelial 
cells are available for genetic engineering or cell replace 
ment. In addition, under normal physiological conditions, 
the cell doubling time for natural endothelial cells in vivo is 
also prolonged, making naturally occurring cell replacement 
in vivo following endothelial cell loss or damage highly 
inefficient. 

Although the use of autologous endothelial cells for cell 
replacement therapy appears to be a difficult task, the 
potential use of microvascular capillary endothelial cells for 
systemic delivery of a therapeutic protein may allow for the 
use of either autologous or immunoprotected allogeneic or 
xenogeneic capillary endothelial cells. Several investigators 
have proposed the use of implanted genetically modified 
fibroblasts or keratinocytes as delivery systems and, while 
plausible, the expressed protein must diffuse through inter 
stitial tissues, and into the microcirculation in order to gain 
access to the vascular system. This diffusional barrier to the 
systemic circulation is a considerable impediment to achiev 
ing adequate plasma levels of the desired therapeutic pro 
tein. Endothelial cells offer several advantages over fibro 
blasts in that they secrete their protein products directly into 
the bloodstream. Further, fibroblasts via their excessive 
production of fibrotic scar tissue, can prove highly detri 
mental to the host. 
When a foreign cell is transplanted into a host, the 

immune system of the host rapidly mobilizes to destroy the 
cell and thereby protect the host. The immune system attack 
on the foreign cell is referred to as transplant rejection. The 
organism's first line of defense is through either lytic 
destruction or the activation of procoagulant and prothrom 
botic properties of the donor endothelial cell that may result 
from activation of the host's complement system and is 
generally known as the "hyperacute rejection response" or 
simply the "hyperacute response.” 

Several studies have demonstrated that the hyperacute 
response to transplants of either xenogeneic (from different 
species) and allotypic (from different individuals of the same 
species) organs is mediated by antibody-dependent activa 
tion of the complement system at the surface of the donor 
endothelium, as discussed, for example, by Platt et al., 1990 
“Transplantation of discordant xenografts: a review of 
progress” Immunology Today 11:450-456. That is, the 
complement system attacks the endothelial cells lining the 
vessels of the transplanted organ. In studies of in vivo animal 
model systems aimed at assessing hyperacute rejection, 15 
minutes after revascularization, xenoreactive antibodies 
were found to be deposited on the surface of the donor 
endothelium (Pober et al., Human Immunol. 28,258-262 
(1990); Haisch et al., Surgery 108,306–311 (1990); Vercel 
lotti et al., J. Immunol. 146, 730-734 (1991)). This was 
followed by activation of the complement system. Follow 
ing complement activation there was significant aggregation 
and adhesion of platelets to the endothelium as well as 
formation of microthrombi and the migration of neutrophils 
and granulocytes into the interstitium. Ultimately, endothe 
lial cells were destroyed, resulting in tissue ischemia and 
necrosis. 

In addition to the rejection problems with xenografts, ten 
percent of allogeneic solid donor organs in HLA-identical 
matches have been found to be rejected by antibody/ 
complement-mediated mechanisms (Brasile et al., Trans. 
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Proceed. 19, 894-895 (1987)). In 78% of the cases of 
rejection under these conditions, the antibodies are directed 
against the vascular endothelial cells (Brasile et al., Trans. 
40, 672-675 (1985). 
The results of these xenograft and allograft transplanta 

tions demonstrate that complement activation on the surface 
of the endothelial cell plays an important and early role in 
the process of graft rejection. 
The complement system is a complex interaction of 

plasma proteins and membrane cofactors which act in a 
multistep, multi-protein cascade sequence in conjunction 
with other immunological systems of the host organism. The 
classic complement pathway involves an initial antibody 
recognition of, and binding to, an antigenic site on a target 
cell. This surface bound antibody subsequently reacts with 
the first component of complement, Clq, forming a 
Cl-antibody complex with Ca2+, Cir, and Cls which is 
proteolytically active. Cls cleaves C2 and C4 into active 
components, C2a and C4a. The C4b2a complex is an active 
protease called C3 convertase, and acts to cleave C3 into 
C3a and C3b. C3b forms a complex with C4b2a to produce 
C4b2a3b, which cleaves C5 into C5a and C5b. C5b forms 
a complex with C6 and this complex interacts with C7 in the 
fluid phase thereby exposing hydrophobic domains within 
C5b and C6that stabilize the C5b,6,7ternary complex in the 
cell membrane. C8, which is in the fluid phase, then binds 
to the C5b, 6, 7 ternary complex and this complex may 
contribute to the development of functional membrane 
lesions and slow cell lysis. Upon binding of C9 to C8 in the 
C5b-8 membrane complex, lysis of foreign cells is rapidly 
accelerated. 

Control of the complement system is necessary in order to 
prevent destruction of autologous cells. One of the central 
molecules in the complement cascade is C3b which aggre 
gates in increasing amounts on foreign substances or organ 
isms thereby targeting them for removal. The complement 
precursor proteins are activated to form C3b in either of two 
ways: (i) by interacting with antibody bound to a foreign 
target (classical pathway) or (ii) non-specifically by progres 
sive and rapidly increasing accumulation on foreign sub 
stances on the surface of foreign cells (the alternative 
pathway). 

Activation of the alternative pathway relies on molecular 
structures on the target cell to upset the delicate balance of 
the proteins involved so that their activation and deposition 
are focused on the surface of the target cell. In the alternative 
pathway C3b is continuously activated at a slow rate in the 
fluid phase by various agents including endotoxin, 
lipopolysaccharide, and serum proteases that convert C3 to 
C3b. C5b can also be formed from C5 by plasmin, elastase 
and other serum proteases to initiate formation of the MAC. 

In order to control this process of complement activation 
and to protect normal syngeneic cells from indiscriminate 
destruction, a family of cell-surface proteins has evolved 
that interacts with C3b molecules. These proteins are as 
follows: 

(a) Membrane cofactor protein (MCP or CD46) which 
exists on all cells, except red blood cells, and binds to C3b 
and activates molecules that cleave C3b into inactive frag 
ments before it can accumulate on the surface of a target cell 
to destroy that cell. 

(b) Decay accelerating factor (DAF or CD55) which 
exists on all cells including red blood cells and prevents C3b 
from reacting with other complement components prevent 
ing destruction of the cell. CD55, unlike CD46, does not 
destroy C3b. 
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4 
(c) Complement receptor 1 (CR1 or CD35) which exists 

on a select group of lymphocytes as well as erythrocytes, 
neutrophils, and eosinophils and causes degradation of C3b 
molecules adhering to neighboring cells. 

(d) Factor H and C4b-binding protein which both inhibit 
C3 convertase activity of the alternative complement path 
way. 

All of these proteins are encoded at a single chromosomal 
location (chromosome 1, band liq32) identified as the RCA, 
i.e., the regulators of complement activation. They are each 
uniquely characterized structurally by a short consensus 
repeating unit (SCR) of approximately 60 amino acids 
composed mostly of cysteine, proline, glycine, tryptophan, 
and several hydrophobic residues. Reid, et al., Immunol. 
Today 7, 230 (1986); Coyne, et al., J. Immunol. 149, 
2906-2913 (1992). For CD46 and CD55, these SCRs are 
known to encode the functional domains of the proteins 
necessary for full complement regulatory activity. Adams, et 
al., J. Immunol. 147,3005-3011 (1991). For a discussion of 
SCRs generally see Perkins et al., Biochem. 27, 4004-4012 
(1988); for a discussion of SCRs of factor H and CD35 see 
Krych et al., Proc. Natl. Acad. Sci. U.S.A. 88, 4353-4357 
(1991) and Weisman et al., Science 249, 146 (1990). 

In addition to membrane and soluble inhibitors of the C3 
convertase enzymes, human blood cells and the vascular 
endothelium express a cell surface glycoprotein, CD59, that 
serves to prevent assembly of the C5b-9 lytic MAC and, 
therefore, protects these cells from complement-mediated 
cell activation and lysis. U.S. Pat. No. 5,135,916 issued Aug. 
4, 1992, assigned to the Oklahoma Medical Research 
Foundation, and U.S. Ser. No. 07/729,926 filed Jul. 15, 
1991, assigned to the Oklahoma Medical Research Founda 
tion and Yale University, disclose that the human comple 
ment regulatory protein CD59 can be used to protect non 
human endothelial cells, for example, porcine endothelial 
cells, from attack by human complement, either when pro 
vided in solution with the cells or expressed in genetically 
engineered cells. See also Zhao et al., 1991 "Amplified gene 
expression in CD59-transfected Chinese Hamster Ovary 
cells confers protection against the membrane attack com 
plex of human complement” J. Biol. Chem. 
266:13418-13422. The homologous complement inhibitory 
activity of CD59 resides in its species-specific interaction 
with the terminal complement components C8 and C9, as 
further reported by Rollins and Sims, 1990 “The comple 
ment inhibitory activity of CD59 resides in its capacity to 
block incorporation of C9 into membrane C5b-9" J. Immu 
nol. 144:3478-3483. 

Although the use of CD59 does successfully address the 
problem of hyperacute rejection as a result of complement 
attack, it does not protect the cell against the overall immune 
attack of the host organism against foreign endothelial cells. 

In stimulating immune responses, antigens elicit many 
molecular and cellular changes. Lymphocytes recognize 
antigens as foreign and are responsible for initiating both 
cellular and humoral responses against the presenting anti 
gen. B lymphocyte cells respond to antigen by the produc 
tion of antibodies against the presenting antigen; T lympho 
cytes respond by initiating a cellular response to the 
presenting antigen. The two major subsets of T cells are T 
cells, involved in processing of antigen for presentation to B 
cells, characterized by the presence of a cell-surface glyco 
protein called CD4, and cytolytic T lymphocytes (CTLs), 
involved in recognition of antigen on cell surfaces and lysis 
of cells recognized as foreign, characterized by the presence 
of a cell-surface glycoprotein called CD8. T cells recognize 
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peptide fragments in conjunction with one of the two main 
classes of cell-surface glycoproteins of the major histocom 
patibility complex (MHC): either classI(MHC-I) or class II 
(MHC-II) proteins. CD8+ T cells recognize antigens in 
conjunction with MHC-I, whereas CD4+ T cells recognize 
them in conjunction with MHC-II. 
The MHC contain three major classes of genes. Class I 

genes encode the principal subunits of MHC-I 
glycoproteins, called human leukocyte antigens in humans, 
the principle ones being HLA-A, B, and C.These are present 
in virtually all cells and play a major role in rejection of 
allografts. They also form complexes with peptide frag 
ments of viral antigens on virus-infected cells: recognition 
of the complexes by CD8+ CTLs results in destruction of 
virus infected cells. Recognition of the complexes is by a 
single receptor on the T cells which recognizes antigen in 
combination with MHC. 

Class II genes, the major classes in humans being known 
as DP, DQ (subclasses B2, o2, and B101) and DR 
(subclasses 31, 52, 83 and 0.1), encode cell-surface glyco 
proteins that are expressed by antigen-presenting cells, prin 
cipally B cells, macrophages and dendritic cells. Together 
with peptide fragments of antigens, the class II proteinsform 
the epitopes that are recognized by T helper cells (CD4+). 
Class III genes encode at least three proteins of the comple 
ment cascade and two cytotoxic proteins, tissue necrosis 
factor and lymphotoxin, which are involved in diverse 
immune reactions that destroy cells. 

T-cell mediated immune reactions can be organized into 
three sequential activation steps. First, CD4+ and CD8+ 
Tlymphocytes (T-cells) recognize the presence of non 
autologous MHC class II and class I proteins, respectively, 
on the surface of the foreign cell. 

Second, the T-cells are activated by interaction of aligand 
with the T cell receptors and other accessory stimulatory 
molecules, so that activation depends upon a variety of 
variables including humoral signals such as cytokines 
received by protein receptors on the surface of the cells. 
Most important is the interaction between the antigen spe 
cific T cell receptor and ligand, a complex of MHC and 
antigenic peptide on the antigen presenting cell (APC). 
Other receptors present on the T cell must also be contacted 
by their ligands on APC to insure activation. Once activated, 
the T-cells synthesize and secrete interleukin-2 (IL-2) and 
other cytokines. 
The cytokines secreted by the activated T-cells lead to the 

third, or effector, phase of the immune response which 
involves recruitment and activation of lymphocytes, 
monocytes, and other leukocytes which together lead to cell 
lysis, as reviewed, for example, by Pober et al., 1990 "The 
potential roles of vascular endothelium in immune reac 
tions' Human Immunol. 28:258-262. 

Historically, attempts to interrupt the T-cell immune 
response have generally met with limited success. For 
example, several strategies have tried to use reagents of 
various types, including antibodies and blocking proteins, to 
interfere with adhesion between T-cells and foreign cells. 
Lider et al., 1988 "Anti-idiotypic network induced by T cell 
vaccination against experimental autoimmune encephalo 
myelitis' Science 239:181 reported on the use of T-cell 
vaccines; Owhashiand et al., 1988 "Protection from experi 
mental allergic encephalomyelitis conferred by a mono 
clonal antibody directed against a shared idiotype on rat T 
cell receptors specific for myelin basic protein"J. Exp. Med. 
168:2153, reported on the use of T-cell receptor blocking 
antibodies; Brostoffand et al. 1984 "Experimental allergic 
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6 
encephalomyelitis: successful treatment in vivo with a 
monoclonal antibody that recognizes T helper cells' J. 
Immunol. 133:1938 reported on the use of antibodies to 
CD4; and Adorini et al., 1988 "Dissociation of phosphoi 
nositide hydrolysis and Ca2+ fluxes from the biological 
responses of a T-cell hybridoma" Nature 334:623-628, 
reported on the use of blocking peptides that occupy T-cell 
receptors. These strategies have generally resulted in 
immune responses to the reagents, rather than the desired 
interruption of T-cell binding. 

It would clearly be advantageous if one could decrease the 
probability of T-cell mediated reaction against transplanted 
cells, as well as complement-mediated attack and lysis of the 
cell. 

It is therefore an object of the presentinvention to provide 
an improved method and compositions for constructing 
endothelial cells that are resistant to both complement and 
cellular attack when transplanted into a foreign host. 

It is a further object of the present invention to provide 
genetically engineered cells that are not recognized as 
foreign when implanted into a foreign host and therefore 
evade attack by the immune system. 

It is still further object of this invention to provide 
genetically engineered cells which after transplantation can 
resist complement-mediated attack and evade lymphocyte 
mediated lysis, specifically CD4+ T-lymphocytes, and pref 
erably CD8+ T-lymphocytes. 

It is another object of the invention to provide a mecha 
nism for selectively killing such genetically engineered cells 
when their presence in the host is no longer desired. 

It is still another object of the present invention to provide 
a biological vehicle for delivery of therapeutic products. 

SUMMARY OF THE INVENTION 

Genetically engineered cells are provided which include a 
DNA sequence which is expressed by the cell and which 
codes for a protein having complement inhibitory activity 
that is not normally expressed in the cell. These cells may 
also be engineered so that they do not express on their cell 
surfaces functional proteins encoded by the class IImajor 
histocompatibility complex (MHC) genes, the HLADP, DQ, 
and DR genes in human cells, or their equivalent in cells of 
a different species. Alternatively, the genetically engineered 
cells do not express on their cell surfaces the proteins 
encoded by the class I MHC genes, the HLA A, B and C 
genes in human cells, or their equivalent in cells of a 
different species, or they do not express either the class I and 
class II MHC genes. In some embodiments, the cells include 
a genetic (DNA) sequence which is expressed by the celland 
which codes for a protein which in the presence of a selected 
agent results in death of the cell. 
The genetic sequence which codes for a protein which has 

complement regulatory activity protects the cell from hyper 
acute rejection through attack and lysis resulting from 
activation of the complement system. The removal of the 
cell surface proteins encoded by the class I (for example, 
HLAA, B and C) and class II (for example, HLADP, DQ. 
and DR) MHC genes makes the cells substantially unrec 
ognizable by the host's CD8+ and CD4+ T-lymphocytes, 
respectively. The genetic sequence which codes for a protein 
which can produce cell death provides a mechanism for 
eliminating the genetically engineered cells from the host 
when their presence is no longer desired. 
The cells are modified in culture using standard in vitro 

transfection techniques, or can be derived from transgenic 
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animals modified as embryos. These modified cells can 
serve as universal donor cells for administering therapeutic 
agents to the host or as replacements for natural cells which 
have been damaged or lost. In the most preferred 
embodiment, the cells are dissociated endothelial cells. 

Examples demonstrate expression of human CD59 in 
porcine endothelial cells protects the cells from hyperacute 
rejection by human complement, preventing both 
complement-mediated lysis and activation of the porcine 
endothelial cells; stable expression of hCD59 in mouse cells 
which protects the cells from complement mediated lysis, 
generation of transgenic mice with a high degree of endot 
helial cell expression of hCD59 in both systemic and pull 
monary circulations, and in capillary, arteriolar, and arterial 
vasculatures; generation of recombinant mice bearing a 
deletion of the invariant chain (li) having reduced cell 
surface MHC class II expression and diminished ability to 
present exogenous protein antigen; rat capillary endothelial 
cells engineered to stably express human Apollipoprotein E 
in three dimensional cultures; and implantation into a rat of 
the engineered rat capillary endothelial cell network with 
vascular astomosis to the recipient. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 shows the structure of the retroviral vector used in 

Example 1. This vector was constructed from a defective 
Moloney murine leukemia virus. The SV40 promoter was 
excised and replaced with the SRalpha promoter. A 500 bp 
cDNA fragment containing the CD59 coding sequence was 
cloned into an XhoI site and verified by restriction analysis. 
The resulting plasmid was designated pRNSROCD59, Eco 
tropic retrovirus was produced by transfecting Psi-2 cells 
with polybrene and selecting in the toxic aminoglycoside 
G418. Amphotropic virus stocks were prepared by infecting 
the amphotropic packaging cell line Psi-AM with the eco 
tropic virus, were added directly to endothelial cell cultures 
in the presence of polybrene, and transfectants were selected 
with 400 ug/ml G418. 

FIG. 2 is a graph of cell surface expression of human 
CD59 on porcine aortic endothelial cells (PAEC) as detected 
by anti-CD59 antibody and analyzed by flow cytometric 
analysis. The solid line represents the fluorescence intensity 
of PAEC infected with retrovirus shown in FIG. 1 carrying 
only the control neomycin resistance gene. The dashed line, 
small dotted line, and larger dotted line represent the fluo 
rescence intensity of CD59-expressing PAEC cell clones 2, 
9, and 1, respectively. 
FIG. 3 shows a scanning electron micrograph of 

CD59expressing PAEC attached to a synthetic GortexTM 
graft. FIG.3a is the control GortexTM, FIGS. 3b, c, and dare 
GortexTM with CD59-expressing cells implanted thereon. 

FIG. 4 is a bar graph showing the protection of human 
CD59-expressing PAEC from lysis by human complement. 
The solid bar represents the percentage of cell lysis of PAEC 
expressing human CD59. The cross-hatched bar represents 
the percentage of cell lysis of PAEC expressing only the 
control neomycin resistance gene while the stippled bar 
represents the percentage of cell lysis of control 
(noninfected) PAEC. 
FIG.5 is a graph demonstrating that hCD59 expressed on 

porcine endothelial cells blocks assembly of a prothrombi 
nase complex, mO thrombin/min/well versus ng C8/ml, for 
Lxsn, Maloney leukemia virus-based retroviral vector with 
out CD59 insert (open circles), LxsnCD59, vector with 
CD59 insert (open squares) (deposited with the American 
Type Culture Collection, Rockville, Md., ATCC Accession 
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8 
number 69336), and LXSnCD59Fig, vector with 5"Fig 
epitope-flagged CD59, ATCC Accession Number 69337, 
insert (dark triangles). 

FIG. 6 is a schematic of the mammalian expression vector 
pcDNA/Amp used to engineer transgenic mice expressing 
human CD59. 

FIG. 7A shows a restriction digest map of the gene 
targeting vector for the mouse invariant chain gene cloned 
into p3S (Bluescript). The targeting vector contains the 
neomycin gene (neo). FIG. 7B shows a partial restriction 
digest map of the endogenous mouse invariant chain gene 
and FIG.7C shows a restriction digest map of the disrupted 
invariant chain gene achieved by homologous recombina 
tion. Arrows indicate the direction of transcription in all 
three panels. The recognition region for the radiolabeled 
invariant gene probe used for the Southern blot shown in 
FIG. 8 is indicated by a solid bar below FIG.7C. 

FIG. 8 is a Southern blot showing the restriction digestion 
pattern for two independent neomycin resistant mouse 
embryonic stem cell clones where the endogenous invariant 
chain gene has been disrupted by homologous recombina 
tion and replaced with a mutated form of the gene. The two 
clones are designated 11.10.93 and 11.10,128. Size markers 
are indicated on the left side. The Dral II restriction pattern 
of the parental cells is indicated in the far right lane and is 
clearly different from the restriction pattern of the two clones 
carrying the modified invariant chain gene. 

FIGS. 9a and 9b are graphs demonstrating splenocytes 
from mutant -/- mice are functional in presenting peptide 
antigens to T-cell hybrids but show diminished ability to 
present intact protein antigen, CPM versus peptide concen 
tration (ug/ml) for concentrations of 3x10 of Eo. 56-73 
peptide (9a) and 1x10 of recombinant Eo, S1/2 fusion 
proteins (9b) for H+ (open squares); +/- (dark diamonds); 
and -f- (open circles). 

FIG. 10 is a schematic of the retroviral vector used in 
Example 5. This vector was constructed from a defective 
Moloney murine leukemia virus. A cDNA fragment encod 
ing the full-length and functional human apolipoprotein E 
(Apo E) was subcloned into the retroviral vector. The 
resulting plasmid was designated LXSn-ApoE, ATCC Acces 
sion Number 69335. Ecotropic retrovirus was produced by 
transfecting Psi-2 cells with polybrene and selecting in 
G418. Amphotrophic virus stocks were prepared by infect 
ing Psi-AM packaging cells and stable transfectants were 
selected in G418. 

DETALED DESCRIPTION OF THE 
NVENTON 

I. Cells to be Engineered and Hosts 
Cells which have been genetically engineered can be 

transplanted into a host to allow them to both resist and 
evade the immune system of a host. The host will normally 
be a human or a domesticated farm animal. 

Although described with reference to endothelial cells, 
especially dissociated endothelial cells for implantation or 
injection into a host, the methods and compositions 
described herein are not limited to endothelial cells. Other 
cell types can be similarly modified for transplantation. 
Examples of other cell types include fibroblasts, epithelial 
cells, skeletal, cardiac and smooth muscle cells, hepatocytes, 
pancreatic islet cells, bone marrow cells, astrocytes, 
Schwann cells, and other cell types, dissociated or used as 
tissue (i.e., organs). As described herein, "endothelial cells” 
will be construed to encompass modification of these other 
cell types unless otherwise specified or described specifi 
cally in the examples. 
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Sources of Cells 
The cells can come from a variety of sources. Preferably, 

the cells are of non-human origin because of the ready 
availability of such cells in large quantities and at low cost. 
For example, the cells can be of porcine or bovine origin. 
Cells from primates, including humans, can be used if 
desired. Even if human cells are used, protection from 
hyperacute rejection will in general still be required since 
complement-mediated cell attack can also occur even fol 
lowing allotypic transplantation. 
The genetically engineered cells are normally derived 

from a single clone or, for some applications, a group of 
individually selected clones. In this way, the characteristics 
of the final pharmaceutical preparation can be accurately 
controlled bothin terms of the overall properties of the cells 
and their genetic make-up. Such control is of importance in 
evaluating the effectiveness of particular treatment protocols 
and in obtaining regulatory approval for such protocols. 
The cells are genetically engineered so that they express 

a complement inhibitory protein or proteins on their cell 
surface. The cells can also be genetically engineered so that 
they express deficient and/or dysfunctional proteins encoded 
by the class II, class I, or preferably the class I and class II, 
MHC genes on their cell surface. Even when human cells are 
used, it is beneficial to engineer the cells as described herein 
since the cell population will generally include non 
autologous cells when the cells are obtained from an indi 
vidual other than the one being treated. 
The endothelial cells are obtained from the lining of a 

portion of the vascular system, e.g., a blood vessel or 
capillary, and are grown and maintained in a tissue culture 
or other suitable biological medium. 
For example, porcine large vessel endothelial cells are 

isolated from the thoracic aortae of male pigs, 
1. The thoracic aortae is removed from the sacrificed 

animal using sterile techniques, cross-clamping the aortic 
arch and the aorta just above the renal arterial ostia using 
sterile clamps. 

2. The organs/tissues are placed in sterile PBS buffer, 
containing 10x penicillin, streptomycin and fungizone. 
These are transported on ice. 

3. After placing the aorta on a sterile field in a laminar 
flow clean bench, the peri-aortic fat and adventitial tissue are 
dissected away from the aortas. With an assistantholding the 
aorta down, using the clamps and a sterile Scissors, the 
vessel is cut open longitudinally, exposing the endothelium. 
The endothelium is then rinsed with the sterile PBS/ 
antibiotic-containing buffer. 

4. Following this, the endothelium is scraped off with a 
sterile scapel blade and the harvested endothelium is trans 
ferred into a sterile 15 cc conical centrifuge tube by dis 
placing the cells with a stream of sterile PBS buffer. The 
tubes are centrifuged at 1200 RPM and the supernatant 
aspirated. 

5. 5.0 ml of sterile media (DMEM, 10% heat-inactivated 
fetal calf sera, penicillin (100 Ulml), streptomycin (100 
U/ml), 5 mM Hepes, 5 mM pyruvate and 5 mM glutamine, 
are added to each tube and the cell pellets resuspended in the 
media by gently pipetting the solution up and down in a 
sterile five ml pipette. 

6. 5.0 ml aliquot of cells (harvested from each aorta) are 
placed into a Corning T25 tissue culture flask and the 
cultures incubated in a 5% CO2, 95% air humidified atmo 
sphere at 37° C. 

7. The cells are then passaged at confluency at a 1 to 3 
split ratio using 0.02% trypsin (Worthington Biochemical 
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Corp.) in a Ca" and Mg-free PBS containing 0.01% 
EDTA to dislodge the cells from the plate and dissociate the 
cells. 

Culturing and Storage of Cells 
After being genetically engineered in the manner 

described below, the cells are normally stored in liquid 
nitrogen tanks until needed for the treatment of a particular 
patient. The ability to prepare the donor cells in advance and 
store them until needed is an important advantage. 

Cells are then seeded onto a matrix for implantation. For 
example, dissociated endothelial cells are prepared for seed 
ing onto the interior of GortexTM as follows. 

1. Sterile GortexTM material is placed into a sterile Fal 
conTM 15 cc conical disposable test tube. Coating solution 
consisting of 0.1M sodium carbonate buffer, pH 9.3, and 100 
pg/ml acid soluble type I collagen is added to the test tube. 
Following an overnight incubation at 4°C., the GortexTM is 
rinsed with sterile PBS. Type I collagen is used as a coating 
because it provides maximal, rapid endothelial cell adhesion 
(75% adhesion in 30 min and 80% adhesion in one hour) and 
migration. See, Madri, et al., "The collagenous components 
of subendothelium: Correlation of structure and function' 
Lab. Invest. 43:303-315 (1980). 

2. The GortexTM tubing is then closed at one end and 
endothelial cells are introduced into the lumen of the Gor 
texTM tubing and the other end is closed. 

3. The segment(s) of GortexTM are then placed in a sterile 
tube and the tube filled with media and rotated in a 5% CO2, 
95% air humidified atmosphere at 37° C. for one hour. 

4. Remove the GortexTM segments from the tubes and 
wash them with sterile media. 

5. The GortexTM segments are transplanted into the vas 
culature of the host, 
I. Protection From Hyperacute Rejection 
The lysis and activation of cells by complement has been 

determined to typically require only the terminal comple 
ment components, in contrast to previous reports that it may 
be essential to interrupt complement activation at the C3 
stage, as described, for example, in PCT application WO 
91/O5855. 

Sequential addition of C6,7,8, and 9 to C5b leads to the 
formation of a membrane attack complex (MAC), a pore 
like complex which, when inserted into the plasma mem 
brane of the target cell, increases membrane permeability to 
calcium and other ions. Consequently, lysis of the plasma 
membrane ensues and the cell is either destroyed, or 
alternatively, there is a non-lytic alteration of specific cell 
functions affecting vascular hemostases. In the case of 
human endothelial cells exposed to human serum 
complement, membrane deposition of the C5b-9 complex 
initiates a variety of procoagulant and prothrombotic 
changes in the cell that are expected to accelerate blood 
clotting and thrombus formation, as described, for example, 
by Hattori, et al., 1989 "Complement proteins C5b-9 induce 
secretion of high molecular weight multimers of endothelial 
von Willebrand Factor and translocation of granule mem 
brane protein GMP-140 to the cell surface” J. Biol, Chem. 
264:9053-9060; Hamilton, et al., 1990 "Regulatory control 
of the terminal complement proteins at the surface of human 
endothelial cells: Neutralization of a C5b-9 inhibitor by 
antibody to CD59” Blood 76:2572-2577; and Hamilton and 
Sims 1991 "The terminal complement proteins C5b-9 aug 
ment binding of high density lipoprotein and its apoproteins 
A-I and A-II to human endothelial cells' J. Clin. Invest. 
88:1833-1840. These responses appear to depend upon 
insertion of C9 into the plasma membrane of the target cell 
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and therefore can be prevented by interfering with assembly 
of the C5b-9 complex. 
Membrane Proteins Inhibiting Complement 
Specific membrane proteins which exhibit potent inhibi 

tory activity for the complement cascade have been isolated 
and molecularly cloned. 

In particular, with regard to the human complement 
system, protection against the pore-forming activity of the 
C5b-9 complex can be conferred on non-primate cells by 
transfection of such cells with a cDNA encoding the human 
complement regulatory protein CD59. This protein operates 
by limiting the incorporation of C9 into the membrane 
complex C5b-9, as reported by Zhao, et al., 1991 "Amplified 
gene expression in CD59-transfected Chinese Hamster 
Ovary cells confers protection against the membrane attack 
complex of human complement” J. Biol. Chem. 
266:13418-13422; Rollins and Sims, 1990 “The comple 
ment inhibitory activity of CD59 resides in its capacity to 
block incorporation of C9 into membrane C5b-9"J. immu 
nol. 144:3478-3483 and Rollins, et al., "Inhibition of 
homologous complement by CD59 is mediated by a species 
selective recognition conferred through binding to C8 within 
C5b-8 or C9 within C5b-9" J. Inmunol. 146:2345-2351, 
incorporated herein by reference. As described in U.S. Ser. 
No. 07/729,926 filed Jul. 15, 1991 by Peter J. Sims and 
Alfred L. M. Bothwell, the complement inhibitory activity 
of recombinant CD59 was found to saturate when the 
expression of surface antigen was amplified to greater than 
or equal to 1.3x10 molecules/CHO cell. Assuming a spheri 
cal diameter of approximately 25 um for the CHO cell, this 
is equivalent to greater than or equal to 600 molecules of 
CD59 antigen/um of plasma membrane surface. By 
comparison, human erythrocytes, which are highly resistant 
to activation and lysis by human complement, express 
approximately 2.5x10" molecules of CD59 antigen/cell, 
which is equivalent to approximately 200 molecules/um’ of 
membrane surface. Extrapolating from this data, 1x10 
molecules CD59/cell or greater than or equal to 1 molecule 
of CD59 antigen/um of plasma membrane surface should 
be effective in inhibiting complement mediated activation 
and lysis. 

Other complement inhibitors which have been identified 
and can be used alone or in combination with CD59 include: 

(1) CD46, also known as membrane cofactor protein 
(MCP), as described by Purcell, et al., 1990 "The human cell 
surface glycoproteins Hully-mS, membrane cofactor protein 
(MCP) of the complement system, and trophoblast leucocyte 
common (TLX) antigen, are CD46” J. Immunol. 
70:155–161; and Seya and Atkinson, 1989 "Functional 
properties of membrane cofactor protein of complement” 
Biochem. J. 264:581-588. This inhibitor functions by bind 
ing to complement component C3b thereby activating mol 
ecules that cleave C3b into inactive fragments preventing 
accumulation of C3b and, therefore, its contribution to the 
formation of the MAC. See also White et al. 1991 "Protec 
tion of mammalian cells from human complement-mediated 
lysis by transfection of human membrane cofactor protein 
(MCP) or decay accelerating factor (DAF)” Int. Meeting on 
Xenotransplantation -: - - - (recombinant human CD46 
shown to provide protection of non-primate cells from lysis 
by human complement), 

(2) CD55, also known as decay accelerating factor (DAF), 
described by Nicholson-Weller et al., 1982 “Isolation of a 
human erythrocyte membrane glycoprotein with decay 
accelerating activity for C3 convertases of the complement 
system" J. Immunol. 129:184; Lublin and Atkinson, 1989 
"Decay accelerating factor: Biochemistry, molecular 
biology, and function' Annu. Rev. Immunol. 7:35; Lublin et 
al., 1987 "The gene encoding decay-accelerating factor 
(DAF) is located in the complement-regulatory locus on the 
long arm of chromosome 1” J. Exp. Med. 165:1731; and 
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Medof et al., 1987 "Cloning and characterization of cDNAs 
encoding the complete sequence of decay accelerating factor 
of human complement” Proc. Natl. Acad. Sci. U.S.A. 
84:2007. This inhibitor is a membrane bound protein of 
approximately 70 kD in molecular mass which interferes 
with the assembly of C3 convertase. See also White et al., 
1991, reporting that recombinant DAF provides protection 
of non-primate cells from lysis by human complement. 
The relative contributions of CD46, CD55, and CD59 in 

providing protection from complement-mediated lysis has 
been assessed in human amniotic epithelial cells (HAEC) by 
the use of specific blocking antibodies, as reported by 
Rooney et al., 1990 "Protection of human amniotic epithelial 
cells (HAEC) from complement-mediated lysis: expression 
on the cells of three complement inhibitory membrane 
proteins." Immunology 71:308-311. The results demon 
strated that CD59 provide the most protection against 
complement attack, as compared with CD46 and CD55. 
Additionally, a patient with paroxysmal nocturnal 
hemoglobinuria, a rare disorder caused by an unusual sus 
ceptibility of erythrocytes to the lytic action of complement, 
was described as having an inherited deficiency of CD59 
without a deficiency of CD55, by Yamashina et al. 1990 
"Inherited complete deficiency of 20-kilodalton (CD59) as a 
cause of paroxysmal nocturnal hemoglobinuria” New Engl. 
J. Med. 323:1184-1189. 
By contrast to the intravascular hemolysis observed for 

this patient reported to be deficient in CD59 but normal for 
decay accelerating factor (and presumably normal for other 
complementinhibitors), individuals with inherited defects or 
deficiencies in erythrocyte CD55 (Decay Accelerating 
Factor) generally do not exhibit intravascular hemolysis, as 
reported by Daniels, G. 1989 "Cromer-related antigens 
blood group determinants on decay accelerating factor". 
Vox, Sang. 56:205; Holguin, et al. 1992 "Analysis of the 
effects of activation of the alternative pathway of comple 
ment on erythrocytes with an isolated deficiency of decay 
accelerating factor”. J. Immunol. 148:498-502, suggesting 
the CD59 is necessary and sufficient to protect these cells 
from the cytolytic effects of complement in human plasma. 

Cells suitable for transplantation into a foreign host are 
protected from complement-mediated lysis by introducing 
into the cell DNA encoding a protein, or combination of 
proteins, inhibiting complement-mediated lysis, for 
example, CD59, CD55, CD46 and/or other inhibitors of C8 
or C9. CD59 is the preferred inhibitor, introduced into the 
cells by transfection or infection with a vector encoding the 
CD59 protein, and expressed on the surface of the 
transfected/infected cells. The inhibitor is preferably of the 
same species of origin as the host into which the cells are to 
be transplanted. 
The gene encoding the complement inhibitor can be 

introduced into a cell of a different species of origin, for 
example, a human CD59 gene can be introduced into a 
porcine cell so that the cell resists attack when transplanted 
into a human, or the gene can be introduced into a cell of the 
same species of origin so that increased amounts of the 
protein are expressed on the surface of the cell. For example, 
the gene can be placed under the control of a promoter 
enhancing expression of the gene which is then inserted by 
homologous recombination into the host cell chromosome at 
the site where the gene is normally located, but under the 
control of the promoter which enhances expression, or can 
be inserted into the chromosome at another locus on the 
chromosome. 
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DNA sequence information for CD46, CD55 and CD59 gene family of complement-regulatory proteins” J. Exp. 
has been reported in the literature. Med. 168:181-194, for CD46 is shown below (Sequence 
The sequence reported by Lublin et al., 1988 "Molecular I.D. No. 1). 

cloning and chromosomal localization of human membrane HUMCD46 cDNA Sequence Aquired from GenBank: 
cofactor protein (MCP): Evidence for inclusion in the multi- HUMCD46Q 

GAATTCGGGGATAACAGCGTCTTCCGCGCCGCGCATGGAGCCTCCCGGCCGCCGCGA 

GTGTCCCTTTCCTTCCTGGCGCTTTCCTGGGTTGCTTCTGGCGGCCATGGTGTTGCT 

GCTGTACTCCTTCTCCGATGCCTGTGAGGAGCCACCAACATTTGAAGCTATGGAGCT 

CATTGGTAAACCAAAACCCTACTATGAGATTGGTGAACGAGTAGATTATAAGTGTAA 

AAAAGGATACTTCTATATACCTCCTCTTGCCACCCATACTATTTGTGATCGGAATCA 

TACATGGCTACCTGTCTCAGATGACGCCTGTTATAGAGAAACATGTCCATATATACG 

GGATCCTTTAAATGGCCAAGCAGTCCCTGCAAATGGGACTTACGAGTTTGGTTATCA 

GATGCACTTTATTTGTAATGAGGGTTATTACTTAATTGGTGAAGAAATTCTATATTG 

TGAACTTAAAGGATCAGTAGCAATTTGGAGCGGTAAGCCCCCAATATGTGAAAAGGT 

TTTGTGTACACCACCTCCAAAAATAAAAAATGGAAAACACACCTTTAGTGAAGTAGA 

AGTATTTGAGTATCTTGATGCAGTAACTTATAGTTGTGATCCTGCACCTGGACCAGA 

TCCATTTTCACTTATTGGAGAGAGCACGATTTATTGTGGTGACAATTCAGTGTGGAG 

TCGTGCTGCTCCAGAGTGTAAAGTGGTCAAATGTCGATTTCCAGTAGTCGAAAATGG 

AAAACAGATATCAGGATTTGGAAAAAAATTTTACTACAAAGCAACAGTTATGTTTGA 

ATGCGATAAGGGTTTTTACCTCGATGGCAGCGACACAATTGTCTGTGACAGTAACAG 

TACTTGGGATCCCCCAGTTCCAAAGTGTCTTAAAGTGTCGACTTCTTCCACTACAAA 

ATCTCCAGCGTCCAGTGCCTCAGGTCCTAGGCCTACTTACAAGCCTCCAGTCTCAAA 

TTATCCAGGATATCCTAAACCTGAGGAAGGAATACTTGACAGTTTGGATGTTTGGGT 

CATTGCTGTGATTGTTATTGCCATAGTTGTTGGAGTTGCAGTAATTTGTGTTGTCCC 

GTACAGATATCTTCAAAGGAGGAAGAAGAAAGGCACATACCTAACTGATGAGACCCA 

CAGAGAAGTAAAATTTACTTCTCTCTGAGAAGGAGAGATGAGAGAAAGGTTTGCTTT 

TATCATTAAAAGGAAAGCAGATGGGGAGCTGAATATGCCACTTACCAGACTAAATC 

AACCACTCCAGCAGAGCAGAGAGGCTGAATAGATTCCACAACCTGGTTTGCCAGTTC 

ATCTTTTGACTCTATTAAAATCTTCAATAGTTGTTATTCTGTAGTTTCACTCTCATG 

AGTGCAACTGTGGCTTAGCTAATATTGCAATGTGGCTTGAATGTAGGTAGCATCCTT 

TGATGCTTCTTTGAAACTTGTATGAATTTGGGTATGAACAGATTGCCTGCTTTCCCT 

TAAATAACACTTAGATTTATTGGACCAGTCAGCACAGCATGCCTGGTTGTATTAAAG 

CAGGGATATGCTGTATTTTATAAAATTGGCAAAATTAGAGAAATATAGTTCACAATG 

AAATTATATTTTCTTTGTAAAGAAAGTGGCTTGAAATCTTTTTTGTTCAAAGATTAA 

TGCCAACTCTTAAGATTATTCTTTCACCAACTATAGAATGTATTTTATATATCGTTC 

ATTGTAAAAAGCCCTTAAA AATATGTGTATACTACTTTGGCTCTTGTGCATAAAAAC 

AAGAACACTGAAAATTGGGAATATGCACAAACTTGGCTTCTTTAACCAAGAATATTA 

TTGGAAAATTCTCTAAAAGTAAAGGGTAAATTCTCTATTTTTTGTAATGGTTCGGT 

GATTTCAGAAAGCTAGAAAGTGTATGTGTGGCATTTGTTTTCACTTTTTAAAACATC 

CCTAACTGATCGAATATATCAGTAATTTCAGAATCAGATG-CATCCTTTCATAAGAAG 

TGAGAGGACTCTGACAGCCATA ACAGGAGTGCCACTTCATGGTGCGAAGTGAACACT 

GTAGTCTTGTTGTTTTCCCAAAGAGAACTCCGTATGTTCTCTTAGGTTGAGTAACCC 

ACTCTGCCCGAATTC 
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The sequence reported by Medof et al., 1987, for CD55 is Human DAF cDNA Sequence Aquired from GenBank 

shown below (Sequence I.D. No. 2). HUMDAF: HUMDAFC1 

TTCTCTCTACAGTCAGTCTGGAGTAATCCCAAAGTGGTGTCTTTCGTAGATAAGGAG 

AACCCGGGTGAAGAGGATGACTCCCACCCGAACAAGGCATGAACAATGTTCACTCCC 
TACTGTGTTATTCAAC 

CTGTTTCCCCAGGTCTCTGTTTTCACATTAGAGAGTGTTCTAGGAGATGACGCCCTT 
CCTCCTTACTTATTTCCCCACCCTCGTGCTGGCCTTTGACAGACCTCCCAGTAGGGG 

GCCCAAGACGCGGGTAGAGCACCGCGTCTCAGCGCCTGAGTCTCAGCCCCCGAACTC 

CACCGCACCTCGAGGTCCCCTTGGCACGACT CAAGCGCGGGGATGCTCCGCTTGGAC 

GAACTCACGTGCGGGCAGCAAGGCCTGCGATACTTGAGCACCCCTCCCCCTCTCCCG 

TTTACACCCCGTTTGTGTTTACGTAGCGAGGAGATATTTAGGTTTCTAGAAGGCAGG 

TCATCGCAGGCCCCACCCAGCAGTGGAGAGAGTGAGTCCAGAGGGGTTGCCAGGAG 

CTCCTCCTCCTTCCCCTCCCCACTCTCCCCGAGTCTAGGGCCCCGGGGTATGACGCC 

GGAGCCCTCTGACCGCACCTCTGACCACAACAAACCCCTACTCCACCCGTCTTGTTT 

GTCCCACCCTTGGTGACGCAGAGCCCCAGCCCAGACCCCGCCCAAAGCACTCATTTA 

ACTGGTATTGCGGAG 

CCACGAGGCTTCTGACTTACTGCAACTCGCTCCGGCCGCTGGGCGTAGCTGCGACTC 

GGCGGAGTCCCGGCGGCGCGTCCTTGTTCTAACCCGGCGCGCCATGACCGTCGCGCG 

CCGAGCGTGCCCGCGGCGCTGCCCCTCCTCGGGGAGCTGCCCCGGCTGCTGCTGCTG 

GTGCTGTTGTGCCTGCCGGCCGTGTGGGGTGACTGTGGCCTTCCCCCAGATGTACCT 

AATGCCCAGCCAGCTTTGGAAGGCCGTACAAGTTTTCCCGAGGATACTGTAATAACG 

TACAAATGTGAAGAAAGCTTTGTGAAAATTCCTGGCGAGAAGGACT CAGTGACCTGC 

CTTAAGGGCATGCAATGGTCAGATATTGAAGAGTTCTGCAATCGTAGCTGCGAGGTG 

CCAACAAGGCTAAATTCTGCATCCCTCAAACAGCCTTATATCACTCAGAATTATTTT 

CCAGTCGGTACTGTTGTGGAATATGAGTGCCGTCCAGGTTACAGAAGAGAACCTTCT 

CTATCACCAAAACTAACTTGCCTTCAGAATTTAAAATGGTCCACAGCAGTCGAATTT 

TGTAAAAAGAAATCATGCCCTAATCCGGGAGAAATACGAAATGGTCAGATTGATGTA 

CCAGGTGGCATATTATTTGGTGCAACCATCTCCTTCTCATGTAACACAGGGTACAAA 

TTATTTGGCTCGACTTCTAGTTTTTGTCTTATTTCAGGCAGCTCTGTCCAGTGGAGT 

GACCCGTTGCCAGAGTGCAGAGAAATTTATTGTCCAGCACCACCACAAATTGACAAT 

GGAATAATTCAAGGGGAACGTGACCATTATGGATATAGACAGTCTGTAACGTATGCA 

TGTAATAAAGGATTCACCATGATTGGAGAGCACTCTATTTATTGTACTGTGAATAA 

GATGAAGGAGAGTGGAGTGGCCCACCACCTGAATGCAGAGGAAAATCTCTAACTTCC 

AAGGTCCCACCAACAGTTCAGAAACCTACCACAGTAAATGTTCCAACTACAGAAGTC 

TCACCAACTTCTCAGAAAACCACCACAAAAACCACCACACCAAATGCTCAAGCAACA 

CGGAGTACACCTGTTTCCAGGACAACCAAGCATTTTCATGAAACAACCCCAAATAAA 

GGAAGTGGAACCACTTCAGGTACTACCCGTCTTCTATCTGGGCACACGTGTTTCACG 

TTGACAGGTTTGCTTGGGACGCTAGTAACCATGGGCTTGCTGACTTAGCCAAAGAAG 

AGTTAAGAAGAAAATACACACAAGTATACAGACTGTTCCTAGTTTCTTAGACTTATC 

TGCATATTGGATAAAATAAATGCAATTGTGCTCTTCATTTAGGATGCTTTCATTGTC 

TTTAAGATGTGTTAGGAATGTCA ACAGAGCAAGGAGAAAAAAGGCAGTCCTGGAATC 

ACATTCTTAGCACACCTGCGCCTCTTGAAAATAGAACAACTTGCAGAATTGAGAGTG 

ATTCCTTTCCTAAAAGTGTAAGAAAGCATAGAGATTTGTTCGTATTAAGAATGGGAT 

CACGAGGAAAAGAGAAGGAAAGTGATTRTTTTCCACAAGATCTGAAATGATATTTCC 
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-continued 
ACTTATAAAGGAAATAAAAAATGAAAAACATTATTTGGATATCAAAAGCAAATAAAA 

ACCCAATTCAGTCTCTTCTAAGCAAAATTGCTAAAGAGAGATGACCACATTATAAAG 

TAATCTTTGGCTAAGGCATTTTCATCTTTCCTTCGGTTGGCAAAATATTTTAAAGGT 

AAAACATGCTGGTGAACCAGGGTGTTGATGGTGATAAGGGAGGAATATAGAATGAAA 

GACTGAATCTTCCTTTGTTGCACAAAT AGAGTTTGGAAAAAGCCTGTGAAAGGTGTC 

TTCTTTGACTTAATGTCTTTAAAAGTATCCAGAGATACTACAATATTAACATAAGAA 

AAGATTATATATTATTTCTGAATCGAGATGTCCATAGTCAAATTTGTAAATCTTATT 

CTTTTGTAATATTTATTTATATTTATTTATGACAGTGAACATTCTGATTTTACATGT 

AAAACAAGAAAAGTTGAAGAAGATATGTGAAGAAAAATGTATTTTTCCTAAATAGAA 

18 

ATAAATGATCCCATTTTTTGGT 

BOLD TEXT-HUMDAFC1 (Promoter and 5' end of Exon 
1, genomic Sequence) 
PLAINTEXT HUMDAF cDNA 
The amino acid and nucleic acid sequences reported by 

Philbrick, W.M., et al., 1990 Eur: J. Immunol. 20, 87-92, for 
CD59 are as follows (Sequence I.D. No. 3). 
The amino acid sequence for the protein is: 

L Q. CYN C P N P T A D C KTAV N C S S D F D ACL I T 

KAGL Q. v. YNKC WKF E H C N F ND v TT RL RE NE 

LT YY C C KKDL CNF NE QL E N G G T S L S E KTV 

LLL WT PFL AAA WSL. H. P. 

A cDNA sequence encoding the CD59 protein is 
(Sequence LD. No. 4): 

25 

30 

said heterologous complement regulatory protein, said 
cDNA coding sequence being operatively linked to the 
CMVIEP/E, the Simian Virus 40 intron donor and acceptor 
splice sequence, and the Simian Virus 40 polyadenylation 
sequence. 

Plasmid puC19-hCD59, obtained from Yale University, 
New Haven, Conn., was used to construct this vector, 
Human CD59 cDNA was excised from the plasmid using the 
restriction enzymes BamHI and EcoRI. The human CD59 
cDNA thus obtained was subcloned into the mammalian 
expression vector pcDNAI/Amp (Invitrogen, San Diego, 
CA) to yield pCShCD-59-103. The pcDNAI/Amp mamma 
lian expression vector contains the human cytomegalovirus 
(CMV) immediate-early gene (IE) promoter and enhancer, 
the SV40 consensus intron donor and acceptor splice 
sequences, and a consensus polyadenylation site. Plasmid 
pC8-hCD59-103 has been deposited with the American 
Type Culture Collection, 12301 Parklawn Drive, Rockville, 

CTGCAGTGCTACAACTGTCCTAACCCAACTGCTGACTGCAAAACAGCCGTCAATTGT 

TCATCTGATTTTGATGCGTGTCTCATTACCAAAGCTGGGTTACAAGTGTATAACAAG 

TGTTGGAAGTTTGAGCATTGCAATTTCAACGACGTCACAACCCGCTTGAGGGAAAAT 

GAGCTAACGTACTACTGCTGCAAGAAGGACCTGTGTAACTTTAACGAACAGCTTGAA 

AATGGTGGGACATCCTTATCAGAGAAAACAGTTCTTCTGCTGGTGACTCCATTTCTG 

GCAGCAGCCTGGAGCCTTCATCCCTAAGTC. 

Matching oligonucleotide primers can be readily designed 
and then used to obtain full length cDNA sequences for these 
proteins by performing a polymerase chain reaction ampli 
fication on human CDNA. The oligonucleotide primers are 
preferably designed with specific restriction enzyme sites so 
that the full length CDNA sequences can be readily sub 
cloned into vectors for use in transfecting/infecting the 
target donor cells. 
A preferred transcription cassette for introduction and 

stable expression in endothelial cells of the sequences 
encoding the complement regulatory proteins is described in 
U.S. Ser. No. 08/021.602 entitled “Transcriptional Casette 
for the Expression of Complement Regulatory Proteins in 
Transgenic Animals.” 
The transcriptional cassette for producing a transgenic 

non-human mammal having endothelial cells which express 
a heterologous complement regulatory protein includes: the 
human cytomegalovirus immediately-early gene 1 promoter 
and enhancer (CMV IEPE), a cDNA coding sequence for 
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Md.,20852, United States of America, in E. coli strain dh5o, 
and has been assigned accession number ATCC 69231. This 
deposit was made under the Budapest Treaty on the Inter 
national Recognition of the Deposit of Micro-organisms for 
the Purpose of Patent Procedure (1977). 

In certain preferred embodiments, the cDNA coding 
sequence of the transcriptional cassette codes for CD59, 
CD55, and/or CD46, although the cassette can be used with 
other complement regulatory proteins now known or sub 
sequently identified or developed. As used herein, the term 
"complement regulatory protein” means any protein which 
inhibits activation and/or lysis of cells by the complement 
system. This "cassette” can be used to make transgenic 
non-human mammals all of whose germ cells and somatic 
cells contain the transcriptional cassette, as well as vascu 
larized organs and endothelial cells derived from such 
transgenic mammals. The vascularized organ may be any 
organ which expresses the complement regulatory protein(s) 
on its endothelial cells, but is preferably the heart, spleen, 
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kidney, lung, pancreas, or liver, i.e., the organs for which 
substantial transplantation demand exists. 

Introduction of DNA Encoding the Complement Inhibi 
tors into the Endothelial Cells 
DNA encoding the complement inhibitors can be intro 

duced into the cells in culture using transfection or into 
embryos for production of transgenic animals expressing the 
complement inhibitors on the surface of their cells. 

Introduction into Cells in Culture 
As known in the art, transfection can be accomplished by 

electroporation, calcium phosphate precipitation, a 
iipofectin-based procedure, or microinjection or through use 
of a "gene gun". In each case, CDNA for the inhibitory 
protein, such as CD59, is subcloned into a plasmid-based 
vector which encodes elements for efficient expression in the 
genetically engineered cell. The plasmid-based vector pref 
erably contains a marker such as the neomycin gene for 
selection of stable transfectants with the cytotoxic aminogly 
coside G418 in eukaryotic cells and an amplicillin gene for 
plasmid selection in bacteria. 

Infection, which for endothelial cells is preferred, is 
accomplished by incorporating the genetic sequence for the 
inhibitory protein into a retroviral vector. Various proce 
dures are known in the art for such incorporation. One such 
procedure which has been widely used in the art employs a 
defective murine retrovirus, Psi-2 cells for packaging the 
retrovirus, and the amphotropic packaging cell line Psi-AM 
to prepare infectious amphotropic virus for use in infecting 
the target donor cells, as described by Kohn et al., 1987 
"Retroviral-mediated gene transfer into mammalian cells” 
Blood Cells 13:285-298. 

Alternatively, rather than a defective Moloney murine 
retrovirus, a retrovirus of the self-inactivating and double 
copy type can be used, such as that described by Hantz 
opoulos et al., 1989 "Improved gene expression upon trans 
fer of the adenosine deaminase minigene outside the 
transcriptional unit of a retroviral vector” Proc. Natl. Acad. 
Sci. U.S.A. 86:3519-3523. 

Introduction into Embryos for Production of Transgenic 
Animals Expressing Complement Inhibitor on the Surface of 
their Cells 
A variety of methods are known to those skilled in the art 

for making transgenic animals expressing a complement 
inhibitory protein on the surface of the cells for use as a 
source of modified cells for transplantation. Examples of 
particularly useful animals include rabbits and pigs, 
although transgenic mice, rats, rabbits, pigs, sheep, and 
cattle have been made using standard techniques. The most 
well known method for making a transgenic animal is by 
superovulation of a donor female, surgical removal of the 
egg and injection of the genetic material in the pronuclei of 
the embryo, as taught by U.S. Pat. No. 4,873,191 to Wagner, 
the teachings of which are incorporated herein. Another 
commonly used technique involves the genetic manipulation 
of embryonic stem cells (ES cells), as specifically described 
below in Example 3. 
ES cells are grown as described, for example, in 

Robertson, E. J. "Embryo-derived stem cellines" in: Tera 
tocarcinomas and embryonic stem cells: A practical 
approach E. J. Robertson, ed. 71-112 (Oxford-Washington, 
D.C.: IRL Press, 1987). ES cells are maintained in a plu 
eripotent state in culture media containing recombinant 
Leukemia Inhibitory Factor (LIF) as described in U.S. Pat. 
No. 5,166,065 to Williams et al. Genetic material is intro 
duced into the embryonic stem cells, for example, by 
electroporation according to the method of McMahon, A. P., 
and Bradley, A. Cell 62, 1073-1085 (1991). Colonies are 
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picked from day 6 to day 9 of selection into 96 or 24 well 
dishes (Costar) and expanded and used to isolate DNA for 
Southern blot analysis. 

Chimeric mice are generated as described in Bradley, 
"Production and analysis of chimaeric mice” in Teratocar 
cinomas and embryonic stem cells. A practical approach E. 
J. Robertson, ed., pp. 113-151 (Oxford, Washington, D.C. 
IRL Press 1987), the teachings of which are incorporated 
herein. Genetic material is injected into blastocysts. From 
those implanted females that become pregnant, chimaeras 
are selected from the offspring and bred to produce germline 
chimaeras for use as donor animals. 
III. Protection From T-Cells 

In contrast to the previous efforts to block the T cell 
immune-mediated response using antibodies or blocking 
compounds, genetic engineering of the cells are used to 
interrupt the T-cell immune response. The donor endothelial 
cells are genetically engineered to not express on their 
surface class II MHC molecules. More preferably, the cells 
are engineered to not express substantially all cell surface 
class I and class IMHC molecules. As used herein, the term 
"not express” may mean either that an insufficient amount is 
expressed on the surface of the cell to elicit a response or that 
the protein that is expressed is deficient and therefore does 
not elicit a response. 
As used herein, the MHC molecules are referred to as 

HLAmolecules, specifically of classes HLAA,B and C, and 
class II HLA DP, DQ, and DR, and their subclasses. This 
terminology is generally construed as specific to the human 
MHC, but is intended herein to include the equivalent MHC 
genes from the donor cell species, for example, if the cells 
are of porcine origin, the term HLA would refer to the 
equivalent porcine MHC molecules, whether MHC I or II. 
When the class II MHC molecules are removed, CD4+ T 

cells do not recognize the genetically engineered endothelial 
cells; when both the class I and class DIMHC molecules are 
removed neither CD4+ nor CD8+ cells recognize the modi 
fied cells. 
The relative importance of the CD4+ and CD8+ T-cell 

subpopulations in mediating immune responses, in particu 
lar allograft rejection, has been approached experimentally, 
Both experiments of nature and gene targeting by homolo 
gous recombination have provided some insights. For 
example, the AIDS virus (HTV) selectively depletes CD4+ 
T-cells and not CDS+ T-cells and virtually destroys the 
body's immune defense. Additionally, although homologous 
recombination and disruption of the 32-microglobulin gene 
in mice results in elimination of CD8+ T-cells, the mice 
inheriting this genotype remain healthy and are capable of 
resisting infection by foreign organisms such as viruses, as 
reported by Zijlstra et al., 1989 "Germ-line transmission of 
a disrupted 62-microglobulin gene produced by homologous 
recombination in embryonic stem cells” Nature 342:435438; 
and Koller et al., 1990 “Normal development of mice 
deficient in B2M, MHC class I proteins, and CDS+ T cells” 
Science 248:1227-1230. These two observations together 
suggest that CD4+ T-cells play a central and essential role in 
immune responses in general, while CD8+ T-cells play a 
specialized and less essential role in host defense mecha 
nisms. 
The preferred genetic modification performed on the 

endothelial cells includes 1) disrupting the endogenous 
invariant chain gene which functions in the assembly and 
transport of class II MHC molecules to the cell surface and 
loading of antigenic peptide, and 2) disrupting the endog 
enous 3-microglobulin gene (BM gene) which codes for a 
protein required for the cell surface expression of all class I 
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MHC molecules. Alternatively, just the invariant chain gene 
is disrupted. Invariant chain is believed to be required for the 
insertion of antigienic peptide fragments into the MHC class 
II molecule. Together, the antigenic peptide and MHC is 
recognized by T cells. In the absence of antigenic peptide, T 
cell recognition is not normally obtained, nor is the MHC 
class II molecule folded properly. Thus, in cells lacking 
invariant chain, presentation of peptide will be abrogated 
and even if minuscule amounts of cell surface MHC are 
obtained, they may be devoid of peptide and therefore, 
non-immunogenic. 
The disruption of these genes is accomplished by means 

of a homologous recombination gene targeting technique, as 
described by Zijlstra et al., 1989; Koller et al., 1990; and 
Example 3 below showing disruption of the invariant chain 
gene. 
The technique is applied to suppress expression of the 

class IMHC proteins on the cell surface as follows. First, the 
complete BM gene for the target donor endothelial cell is 
cloned, e.g., for porcine endothelial cells the porcine B2M 
gene is cloned. This is done by first obtaining cDNA for a 
homologous BM gene, such as the mouse B2M gene. DNA 
sequence information for the mouse BM cDNA has been 
reported by Parnes et al., 1983 Nature 302:449-452. Match 
ing oligonucleotide primers are readily designed to hybrid 
ize by complementary base pairing to the extreme 5' and 3' 
ends of the mouse BMcDNA. These oligonucleotide prim 
ers are then used to obtain full-length cDNA sequences for 
the mouse B2M protein by performing a polymerase chain 
reaction amplification on mouse cDNA. The oligonucleotide 
primers are preferentially designed to encode specific 
restriction sites at their ends so that full-length cDNA 
sequences can be readily subcloned into plasmids. 
The full-length mouse B2M cDNA can then be used as a 

radiolabeled hybridization probe to screen cDNA libraries 
prepared from the source of the target donor endothelial 
cells, e.g., for porcine endothelial cells the mouse BM 
cDNA is used as a hybridization probe to screen a porcine 
cDNA library which has been cloned into a lambda phage 
vector. Positive hybridizing clones are selected, purified, 
subcloned into plasmid vectors and then sequenced using 
methods known in the art. 
The complete porcine B2M gene, including untranslated 

nucleotide residues as well as the portion of the gene which 
codes for the expressed protein, can then be cloned by 
screening a porcine genomic DNA library cloned into a 
lambda phage vector with radiolabeled porcine BM cDNA 
as a hybridization probe. Positive clones are selected, 
purified, subcloned into plasmid vectors and sequenced 
using methods known in the art. 
Once cloned, the B2M gene is subcloned into a plasmid 

based or preferentially a retroviral-based vector (the "gene 
targeting vector") such that the reading frame of the BM 
gene is disrupted by insertion of a short DNA sequence 
which allows for positive selection of recombination in the 
endothelial cells, for example, a neomycin resistance gene 
(hereinafter referred to as the "positive selection gene"). The 
gene targeting vector also carries an additional selection 
gene (the “negative selection gene”), outside of the disrupted 
fm gene region which allows for selection against non 
homologous recombination, i.e., for selection against incor 
poration of the entire plasmid into the genetic information of 
the cell rather than just the portion of the plasmid carrying 
the disrupted BM gene. The negative selection gene can be, 
for example, a herpes simplex thymidine kinase gene. 
The gene targeting vector is then transfected/infected into 

the cells as described above and homologous recombination 
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events are selected by screening for clones which express 
the positive selection gene but not the negative selection 
gene. 
The same procedures are used to achieve homologous 

recombination of the invariant chain gene as demonstrated 
in Example 3 below. 
IV. Cell Termination 

Since the engineered cells resist attack by the complement 
system and evade the T-cell system, the cells and their 
progeny in theory can exist essentially indefinitely within 
the host organism. Since occasions may arise when it is 
desirable to remove these cells from the host, further genetic 
engineering is preferably performed wherein the cells are 
provided with an internal "self-destruct” or "suicide" 
mechanism. 

In general terms, such a mechanism involves including in 
the cella gene which expresses a protein, usually an enzyme, 
which confers lethal sensitivity of the cell to a specific 
reagent not normally present in the cell's environment. For 
example, the bacterial enzyme cytosine deaminase (CyD) 
converts the non-toxic drug 5-fluorocytosine to 
5-fluorouracil which in turn is converted within the cell to 
5-fluorouridine 5'-triphosphate and 5-fluoro-2'-deoxyuridine 
5'-monophosphate which inhibit both RNA and DNA syn 
thesis and thereby resultin cell death, as reported by Mullin, 
et al., 1992 “Transfer of the bacterial gene for cytosine 
deaminase to mammalian cells confers lethal sensitivity to 
5-fluorocytosine: a negative selection system” Proc. Natl. 
Acad. Sci. U.S.A. 89:33-37. 

Accordingly, by inserting the gene for bacterial CyD into 
the genome of the donor endothelial cell, cell death can be 
accomplished at any desired time by simply administering 
5-fluorocytosine to the host organism. The sequence of the 
bacterial CyD gene is known and thus incorporation of the 
gene into the donor endothelial cells can be preformed in a 
manner similar to that used to insert the CD59 gene. 

Other genes now known or subsequently identified, which 
confer lethal sensitivity to a selected material, can also be 
used for this purpose. 
V. Clinical Applications 
As discussed above, the engineered cells can be used for 

cell replacement and for drug administration. 
Treatment of Coronary Artery Disease 

For example, coronary artery disease is caused by a 
blockage inside blood vessels, reducing the delivery of 
oxygen and nutrients to the heart. The current treatment for 
coronary artery blockade is either to mechanically dilate the 
blocked vessel from the inside with an angioplasty balloon 
or to use a replacement vessel, e.g., a synthetic graft or a 
section of the saphenous vein, to bypass or form a new 
channel around the blockage. 

Coronary angioplasty involves the insertion of a catheter 
from the leg vessel to the coronary artery and inflation of a 
balloon at the tip of the catheter to dilate the atherosclerotic 
plaque. This balloon inflation unfortunately has the undes 
ired side effect of removing endothelial cells from the inner 
lining of the blood vessel. 

In terms of clinical practice, reocclusion of the treated 
vessel following coronary angioplasty, i.e., restenosis, is a 
significant medical problem since it occurs within six 
months following 30-50% of the procedures performed and 
is associated with substantial patient morbidity and health 
care expenditures. The principal reasons for the restenosis 
are acute thrombus formation due to loss of the antithrom 
botic surface provided by the endothelial cells and neointima 
formation due to unchecked smooth muscle cell stimulation 
by blood-borne cells, again due to the loss of the protective 
endothelial cell layer. 
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Coronary bypass graft surgery does not involve removing 
the blockage to blood flow in the coronary artery, using 
instead a bypass to detour blood flow around the blocked 
vessel to supply the remainder of the heart muscle. When a 
portion of the saphenous vein is used to form the bypass, the 
inside lining of endothelial cells is normally stripped off the 
vessel wall, and the smooth muscle cells in the blood vessel 
wall injured. 
The loss of the endothelial lining results in the loss of 

several critical endothelial properties including loss of the 
anticoagulant surface, loss of important Smooth muscle cell 
regulatory force, and the loss of the protective vessel wall 
covering which shields smooth muscle cells from platelets, 
monocytes, and lymphocytes. The subsequent response of 
the blood vessel to this pathologic injury is two-fold: 1) the 
physiological and beneficial migration of endothelial cells 
from the edge of the wound to restore luminal integrity and 
2) the pathophysiological migration of smooth muscle cells 
from the interior of the blood vessel wall toward the lumen 
resulting in the neointima formation and postintervention 
occlusion. 

Occlusion of peripheral arterial and coronary artery 
bypass grafts is a frequent and important clinical finding. 
Two-thirds of the saphenous vein coronary bypass grafts are 
either severely diseased or entirely occluded by six to eleven 
years following bypass surgery. Peripheral arterial bypass 
grafts generally suffer occlusion within two to five years. 

Synthetic grafts also exhibit high rates of occlusion. 
Initially, grafts of this type are not endothelialized. This 
results in a substantial incidence of early occlusion due to 
thrombosis. With time, the grafts become partially 
re-endothelialized by migration of arterial endothelial cells 
from the proximal and distal anastomotic sites or from 
ingrowth of capillary endothelial cells through the porous 
synthetic graft onto the luminal surface. However, the pro 
cess of endothelial cellmigration is normally slow and does 
not permit total coverage of the graft by arterial endothelial 
cells. Further, ingrowing capillary endothelial cells are less 
capable of inhibiting clot formation than arterial endothelial 
cells. Attempts to reseed peripheral grafts with autologous 
endothelial cells have demonstrated that incomplete cover 
age of the graft at the time of seeding results in graft closure 
and lack of clinical benefit of the seeding procedure. 
The genetically engineered cells described herein provide 

an important mechanism for addressing these critical prob 
lems in revascularization. These cells can be used to 
re-endothelialize denuded vessels or grafts without signifi 
cant rejection by the patient's immune system. Moreover, 
since the cells can be grown in large numbers before the 
surgical procedure, adequate supplies are available for cov 
erage of large areas of denuded vessel or naked graft. In this 
connection, further genetic engineering of the endothelial 
cells can be performed in accordance with copending appli 
cation Ser. No. 07/820,011, filed Jan. 6, 1992, entitled 
"Genetically Engineered Endothelial Cells Exhibiting 
Enhanced Migration and Plasminogen Activator Activity.” 
the teachings of which are incorporated herein, so as to 
increase the rate of migration of the donor endothelial cells 
and thus achieve more rapid re-endothelialization. 

Although not preferred embodiment, capillary endothelial 
cells can also be isolated from human Sources, and can even 
be autologous. For example, cells can be isolated from 
subcutaneous fat via liposuction and cultured with known 
human endothelial cell growth factors. 

Atypical procedure for implanting universal donor endot 
helial cells in a patient's coronary artery is as follows: 

1. Performing diagnostic catheterization of the patient to 
determine the severity, location and amenability of the 
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coronary (or peripheral) artery disease to angioplasty, 
atherectomy, laser therapy, or other forms of mechanical 
revascularization. 

2. Assuming step (1) determines that therapeutic angio 
plasty is appropriate, performing a standard balloon angio 
plasty procedure. 

3. Removing the genetically engineered endothelial cells 
described herein from storage under liquid nitrogen, thawing 
the cells to 37° C. and preparing them for installation by way 
of the angioplasty procedure by suspending them in sterile 
buffered media, 

4. Using a standard wire exchange technique, removing 
the balloon angioplasty catheter and replacing it with a 
double balloon catheter having an infusion exit port posi 
tioned between the two balloons. 

5. Positioning the double balloon catheter tip in the 
angioplastied coronary artery with the double balloons strad 
dling the denuded segment of the artery, i.e., the portion of 
the artery in which the endothelial lining has been removed 
by the angioplasty procedure. 

6. Gently inflating the double balloons while supporting 
the distal coronary circulation with standard perfusion tech 
niques. 

7. Introducing the engineered endothelial cells into the 
extracorporeal end of the double balloon catheter and infus 
ing the cells into the isolated space in the blood vessel 
between the two balloons at a concentration of, for example, 
2-10x10 cells per 10 milliliters of solution, to seed the 
denuded portion of the vessel. 

8. After approximately twenty to thirty minutes, deflating 
the double balloon catheter so as to restore normal antegrade 
coronary perfusion, 

9. Removing the double balloon catheter followed by 
standard post catheterization procedures. 

Similarly, a synthetic or autologous vascular graft or stent 
can be coated with genetically engineered endothelial cells 
and then implanted in a patient by: 

1. Performing diagnostic catheterization of the patient to 
determine the severity, location and amenability of the 
coronary (or peripheral) artery disease to vascular bypass 
surgery with autologous, synthetic, or other graft material. 

2. In the case of a synthetic graft or stent, such as a graft 
or stent made of DACRON or stainless steel, coating the 
graft or stent with Type I collagen and fibronectin in 
saturating amounts greater than or equal to 25 mg/ml in 
carbonate buffer, pH 9.4; or in the case of an autologous 
graft, harvesting the saphenous vein or other vessel using 
conventional surgical techniques. 

3. Cannulating the proximal end and ligating the distal 
end of the synthetic or saphenous vein graft. 

4. Removing the genetically engineered endothelial cells 
from storage under liquid nitrogen, thawing them to 37°C., 
and then preparing them for seeding of the graft by sus 
pending them in sterile buffered media. 

5. Injecting the engineered endothelial cells, at a concen 
tration of, for example, 2-10x10 cells per 10 milliliters of 
solution, through the proximal cannulation port into the 
lumen of the graft and rotating the graft for approximately 
60 minutes to allow the universal donor endothelial cells to 
cover the graft surface. 

6. Implanting the seeded graft in the coronary or periph 
eral artery using standard fine surgical techniques. 

In addition to their use for cell replacement, the geneti 
cally engineered endothelial cells provide an excellent 
mechanism for the administration of therapeutic agents 
either locally at the site of cell implantation or systemically. 
These cells might also secrete PDGF or FGF antagonists, 



5,705,732 
25 

thrombolytics, or thrombin antagonists, so as to inhibit 
restenosis in a vessel or graft wall. Systemic drug delivery 
via universal donor endothelial cells might be most effec 
tively accomplished by the use of genetically engineered 
microvascular (capillary) endothelial cells which offer sev 
eral advantages including a relatively large surface area to 
volume ratio, especially when the cells are seeded into a 
capillary network as described below, and direct secretion of 
therapeutic protein products without any barrier to diffusion. 
Examples of the types of agents which can be administered 
in this way include blood clotting factors, clot dissolving 
factors, hormones, growth factors, cytokines, enzymes, and 
cholesterol binding or removing proteins. In each case, an 
appropriate gene or combination of genesis inserted into the 
genome of the donor endothelial cells prior to transplanta 
tion. 

For most clinical indications, seeding of genetically engi 
neered endothelial cells in large vessels or vascular grafts 
will not allow production of proteins at therapeutic levels 
because of the limited number of cells that can be accom 
modated on a two-dimension surface. A solution to the 
limitations of the relatively low density of endothelial cells 
which are available when seeded on a two dimensional 
surface is to take advantage of the biological properties of 
microvascular capillary endothelial cells. For example, sev 
eral groups have demonstrated in vitro formation of stable 
capillary networks when microvascular capillary endothelial 
cells are maintained in a three dimensional culture system 
consisting of extracellular matrix components such as col 
lagen in the presence of angiogenic factors. Indeed there are 
broad phenotypic changes in microvascular endothelial cells 
cultured in three dimensions as compared to cells cultured in 
two dimensions. Importantly though, this culture system 
provides for the maintenance of large numbers of cells in a 
relatively small volume. However, for this endothelial cell 
culture system to be useful for systemic protein delivery in 
vivo, several important additional properties must be dem 
onstrated. First, these cells must be amenable to genetic 
engineering and should continue to express their recombi 
nant protein even when maintained in a three dimensional 
matrix of extracellular matrix components. Further, these 
three dimensional cultures must be transplantable into 
recipients and, preferably, demonstrate vascular anastomosis 
to the recipient circulation in vivo. 

Although not a preferred embodiment, capillary endothe 
lial cells can also be isolated from human sources, including 
autologous sources, as described by U.S. Pat. No. 4,820,626 
to Williams and Jarrell Sources of human capillary endot 
helial cells include omental fat, subcutaneous fat, or peri 
nephric fat. For example, cells can be isolated from subcu 
taneous fat via liposuction and cultured with known 
endothelial cell growth factors. 
A typical procedure for isolating cells of this type, for 

example, from a porcine source, is as follows: 
1. Porcine microvascular endothelial cells (PMEC) are 

isolated by first removing the epididymal fat pads and/or 
kidneys from male pigs using sterile techniques. To do this, 
the organs or tissues are placed in sterile HEPES buffer (pH 
7.4) which contains 140 mMNaCl, 10 mM HEPES, 10 mm 
KCl, 0.1 mm CaCl2, 0.2 mm MgCl2, 11 g/liter NaHC, 5.0 
g/liter glucose, 100 U/ml penicillin, and 100 U/ml strepto 
mycin. For kidneys, the peri-renal fat is dissected away and 
the kidneys are placed in sterile HEPES buffer as above. 

2. The large visible vessels are dissected away from the 
epididymal fat and the fat is then placed into sterile HEPES 
buffer. The fatty tissue is placed into 50 ml sterile Falcon 
"Blue Max” tubes containing a small amount of sterile 
HEPES buffer and the fat is minced for 3 to 5 minutes with 
a scissors. 
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3. The minced tissue is then placed into 50 ml Erlenmeyer 

flasks containing equal volumes of sterile HEPES buffer 
containing 5 mg/ml of collagenase and 5 mg/ml of bovine 
serum albumin (BSA). The flasks are incubated at 37° C. 
with agitation for 20 minutes. A small aliquot (0.1 ml) is 
removed from each flask every 20 minutes and then exam 
ined for the appearance of tube-like fragments of the cap 
illary bed. The incubation is continued until the majority of 
the minced tissue contains tube-like fragments and single 
cells. 

4. The cell suspension is centrifuged at 200xg for 7 
minutes in 15 ml sterile conical tubes. The top white fatty 
layer is then aspirated off and the pellets are resuspended in 
10 ml of HEPES buffer containing 10% BSA and then 
recentrifuged and resuspended an additional two times. 

5. The resultant pellets are resuspended in 45% Percoll 
and centrifuged at 15,000xg for 20 minutes at 4°C. in a 
SS34 fixed angle rotor. The tufts of the PMECs are in a 
milky off-white layer beneath the top-most adipocyte 
containing layer and above a translucent layer containing 
larger vessel fragments. The microvascular tufts and free 
endothelial cells are collected with a sterile pipette and then 
pelleted by centrifugation in HEPES-BSA at 200xg for 3 
minutes. The tufts are resuspended in media (Medium 199E 
containing 20% heat-inactivated FBS, Penicillin, 
streptomycin, 5 mM HEPES, 5 mM Pyruvate, and 5 mm 
glutamine mixed 1:1 with the same medium containing 10% 
FBS which has been conditioned for 48 hours by incubating 
over confluent endothelial cell cultures). 

6. The cells are then seeded into tissue culture flasks that 
have been coated with 1.5% gelatin in PBS overnight. 

7. The PMEC cultures are then incubated in a 5% CO, 
95% humidified atmosphere at 37° C. The PMEC are 
routinely passaged at confluency using 0.02% trypsin in a 
Ca" and Mg"-free PBS containing EDTA to dislodge the 
cells from the plate and to dissociate cell aggregates. 

8. Cells to be transfected/infected are plated at a 1 to 4 
split ratio onto 75 ml Corning tissue culture flasks that have 
been coated with 1.5%. gelatin in phosphate-buffered saline 
overnight. After an overnight incubation, the cells are 
transfected/infected as described above for CD59. 

9. The genetically engineered endothelial cells can be 
frozen under liquid nitrogen and stored until needed. 

10. To seed the genetically engineered cells into a cell 
network, the engineered cells are first dispersed in a 5 mg/ml 
solution of neutralized acid soluble type I collagen (isolated 
from calf dermis) at a concentration of 3.0x10 cells per ml 
of collagen solution at 4 C. This mixture is plated into 
24-well cluster dishes in 0.75 ml aliquots and placed in a 37 
C. incubator with a 5% CO 95% air humidified atmo 
sphere. Following gelation of the collagen, media is intro 
duced over the gels. The cells are then cultured as above, 
refeeding the cells on a daily basis. After three days, the gels 
are scraped off the dishes using a sterile TeflonTM cell 
scrapper and transferred into BellcotM four liter suspension 
culture vessels for one week and then frozen under liquid 
nitrogen and stored until needed. 

In a preferred embodiment, the cells are engineered to 
result in the expression or production of molecules encoding 
therapeutic proteins or nucleotide molecules, respectively. 
Examples of therapeutic proteins include hormones, 
enzymes, receptors, immunomodulators, and neurotransmit 
ters. Examples of therapeutic nucleotide molecule include 
antisense, ribozymes, and molecules binding to viral and 
bacterial nucleic acids to inhibit translation thereof. These 
capillary endothelial cell networks can then be implanted 
subcutaneously into a recipient patient, where the cells will 
secrete the therapeutic proteins systemically. 
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Because of their multi-level protection against the host's 
immune system, the engineered donor endothelial cells 
avoid graft rejection normally associated with the transplan 
tation of non-autologous cells and thus can be used to 
administer their encoded therapeutic agent for substantial 
periods of time until, for example, removed from the host by 
a self-destruction mechanism of the type described above. 

In a preferred embodiment, the genetically engineered 
capillary endothelial cells are seeded into a biological or 
synthetic matrix for implantation into the subcutaneous 
tissue of the recipient. The matrix may preferably be of 
commercially available biocompatible materials such as 
collagen types I through XII, thrombospondin, entactin, 
proteoglycans, glycosaminoglycans, vitronectin, laminin, 
fibronectin, fibrinogen, MatrigelTM, or a combination of 
these and other natural extracellular matrix (ECM) compo 
nents that allow capillary endothelial cells to form capillary 
networks in three dimensions since capillary endothelial 
cells, as opposed to large vessel endothelial cells or non 
endothelial cells, form differentiated capillary networks in 
three dimensional collagen gels in vitro via the process of 
angiogenesis (Madri and Williams, "Phenotypic modulation 
of endothelial cells by transforming growth factor-beta 
depends upon the composition and organization of the cell 
matrix” J. Cell Biol.106, 1375–1384 (1988)). The matrix is 
preferably in the form of a gel, prepared by modulation of 
matrix concentration, pH, temperature, salt content, or other 
physico-chemical properties known to those skilled in the art 
in order to induce gel formation. The gel matrix should be 
in a form suitable for seeding with cells and implantation 
into the body. There should also be sufficient porosity for 
diffusion of gases and nutrients prior to vascularization and, 
ideally, to allowanastamosis of recipient blood vessels to the 
donor capillary networks. It may be advantageous to add 
angiogenic factors to the matrix prior to, or at the time of, 
implantation. Such angiogenic factors will increase capillary 
network formation of the transplanted capillary endothelial 
cells and may also increase ingrowth of host capillaries. 
Other materials may serve as support structure for the three 
dimensional ECM gel such as ethylene vinyl acetate, 
polylactide-glycolide, polyanhydride, fibrous suture 
material, or other biocompatible synthetic polymers. The gel 
and, if present, the support structure, may be enclosed within 
a porous polymeric framework prior to implantation into the 
recipient. 
As used herein, attachment molecules are any molecules 

for which there is a receptor on the cell surface. These 
include natural and synthetic molecules having one or more 
binding sites. Extracellular matrix molecules (ECM) include 
compounds such as laminin, fibronectin, thrombospondin, 
entactin, proteoglycans, glycosaminoglycans and collagen 
types I through XII. Other natural attachment molecules 
include simple carbohydrates, complex carbohydrates, 
asiadoglycoproteins, lectins, growth factors, low density 
lipoproteins, heparin, poly-lysine, thrombin, vitronectin, and 
fibrinogen. Synthetic molecules include peptides made using 
conventional methods to incorporate one or more binding 
sites such as R G D from fibronectin, LIG R K KT from 
fibronectin and YIG S R from laminin. Attachment mol 
ecules are bound to a surface by ionic or covalent binding, 
or by association (from solution or by drying). In some 
embodiments, the polymer may be modified to include one 
or more binding sites. Alternatively, the polymer may itself 
be formed in whole or in part by crosslinked attachment 
molecule or synthetic peptide. 
The present invention will be more fully described by the 

following non-limiting examples. 
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EXAMPLE 1. 

Expression of Human CD59 in Porcine Endothelial Cells 
Protects them from Hyperacute Rejection by Human 
Complement 

This example demonstrates that when the full-length 
cDNA encoding the human CD59 protein is stably incorpo 
rated into the genome of a porcine aortic endothelial cell 
(PAEC) and expressed on the cell surface, it protects these 
cells from complement-mediated attack as assayed by 
human complement-mediated cell lysis in vitro. 

Cultures of PAEC were cultured in DMEM containing 
10% fetal bovine serum (FBS), 5 mM Hepes, 2 mM 
L-glutamine, and 1% each of penicillin and streptomycin 
(PiS). Prior to retroviral infection, the cells were grown to 
50% confluence. Subconfluent PAEC were infected by using 
the amphotropic helper-free retroviral vector 
pRNSRalphaCD59. The structure of this retroviral con 
struct is shown in FIG. 1. As controls, PAEC were also 
infected with a control retroviral vector containing the drug 
selection marker gene neomycin or were uninfected. The 
amphotropic retroviral stocks were added to subconfluent 
cells growing in a T-25 tissue culture flaskin a total volume 
of 3 ml. Polybrene was added to the flasks and the cultures 
were incubated at 37° C. for 2 to 5 hours. The cell culture 
media was then removed, monolayers were rinsed two times 
in 5 ml of media and then 5 ml of media was added to the 
cells which were incubated at 37° C. in 8% CO. 

After a 24 to 48 hour incubation period, the cells were 
exposed to G418 (400 ug/ml) to select for stable integration 
of the retroviral construct. Neomycin resistant colonies were 
assayed for the cell surface expression of human CD59 by 
flow cytometric techniques (FACS analysis). To assess cell 
surface expression of human CD59 on porcine endothelial 
cells, confluent neomycin-resistant cell clones were grown 
to confluence in T75 tissue culture flasks and cells were 
released for FACS analysis by incubation in Versene-EDTA 
for 10 minutes at 37° C. Harvested cells were pelleted via 
centrifugation and then resuspended in 2 ml of staining 
buffer containing phosphate-buffered saline (PBS), 0.2% 
sodium azide, and 2% FBS. Cells were then counted with a 
hemacytometer, pelleted by centrifugation, rinsed two times 
with staining buffer and then incubated for 30 minutes at 23° 
C. with a primary antibody to human CD59, either poly 
clonal rabbit anti-CD59 at 10 ug?mi or mouse anti-CD59 
monoclonal 1F1 (obtained from Dr. Motowa Tomita, Showa 
University, Japan) at 1 g/ml. The cells were then rinsed two 
times in staining buffer and then incubated for 30 minutes at 
23° C. with an FTTC-conjugated goat anti-rabbit IgG or an 
anti-mouse IgG diluted 1:50 in staining buffer. The cells 
were rinsed two times in staining buffer, once in PBS and 
then resuspended in 1% paraformaldehyde in PBS and 
analyzed by FACS. Positive cell surface expression of 
human CD59 (as measured by fluorescence intensity on the 
X axis) is demonstrated in FIG. 2 for cell clones 1, 2 and 9 
but not for control PAEC infected with control containing 
only the neomycin resistance gene. 

With regard to their biological behavior, the CD59 
infected PAEC were not different from either uninfected 
PAEC or PAEC infected with control vector. For example, 
they maintained proliferation rates identical to uninfected 
cells and they did not overgrow monolayers or proliferate in 
suspension, and were contact inhibited. Additionally, CD59 
infected porcine endothelial cells were capable of attaching 
to a synthetic GortexTM graft, as demonstrated in the scan 
ning micrograph shown in FIG. 3. Two centimeters square 
of synthetic GortexTM sheets were steam-sterilized, placed in 



5,705,732 
29 

sterile 35mm bacteriological petridishes and overlaid with 
sterile stainless steel fences having a one centimeter square 
well. CD59-infected PAEC were then seeded into the center 
wells of the fences at a density of 1x10 cells in a volume 
of 0.5 mi of culture media as described above and incubated 
at 37°C. in 5% CO. After two days, the cultures were refed 
with media and after an additional two days the media was 
aspirated off and the cultures were washed with PBS and 
then fixed with buffered 2% glutaraldehyde, 4% paraform 
aldehyde for one hour. The fences were then removed and 
the GortexTM was processed for scanning electron micros 
copy. FIG.3 demonstrates that PAEC expressing cell surface 
human CD59 attach as well to synthetic Gortex.TM grafts as 
normal endothelial cells. 
With regard to their biological activity, CD59-infected 

PAEC were assayed for their sensitivity to cytolysis by 
complement in human serum. To do this, CD59-infected 
PAEC, control PAEC infected with vector alone, and unin 
fected PAEC were plated into 48-well tissue culture plates at 
a density of 1.25x10 cells/well in DMEM with 10% FBS, 
2 mM glutamine and P/S. The culture media was removed 
and the cells were washed three times with media without 
FBS. Next, human serum diluted in DMEM at various 
concentrations was added to the cultures for 2 hours at 37 
C. The percentage of viable cells remaining in the cultures 
was assessed by staining the cells with 0.1% trypan blue. 
FIG. 4 demonstrates that greater than 80% of uninfected or 
control (vector alone infected) PAEC were killed by human 
serum whereas less than 10% of CD59-infected PAEC were 
killed. These results demonstrate that human CD59 expres 
sion on the surface of porcine endothelial cells protects these 
cells from the cytolytic activity of antibody and human 
serum, Suggesting that in vivo these cells would be protected 
from complement-mediated hyperacute rejection. 
The cells were then assayed to determine if the hCD59 

would block complement activation, as well as the subse 
quent complement-mediated cell lysis. The following pro 
thrombinase assay was used. 

Prothrombinase 
Porcine aortic endothelial cells were stably infected with 

retroviral vectors carrying either a neomycin resistance gene 
alone (LXSN) or carrying human CD59 cDNA 
(LXSNCD59) or human CD59 cDNA engineered to carry a 
FLAG peptide epitope at its carboxy terminus 
(LXSNCD59Fig). These vectors were constructed from a 
defective Moloney murine leukemia virus. Ecotropic retro 
virus was produced by transfecting Psi-2 cells with poly 
brene and selection in G418. Amphotrophic virus stocks 
were prepared by infecting Psi-AM packaging cells and 
stable transfectants were selected in G418 and assayed for 
there ability to form thrombin when challenged with human 
complement. Cells were incubated in C8-deficient human 
serum and then increasing concentrations of C8 were added 
to form the activating c5-b9 complement complex. Follow 
ing incubation of the porcine cells with activating concen 
trations of human complement, bovine prothrombin, Factor 
Va, and Factor Xa were added to the final concentrations of 
1.4 uM, 2 nM, and 10 p.M, respectively. After a 6 minute 
incubation, aliquots were removed and the reaction termi 
nated using EDTA. Thrombin generation was assayed using 
the synthetic substrate Spectrozyme TH (American 
Diagnostica, Greenwich, Conn.). 

FIG. 5 is a graph demonstrating that hol).59 expressed on 
porcine endothelial cells blocks assembly of a prothrombi 
nase complex, Lxsn, Maloney leukemia virus-based retro 
viral vector without CD59 insert (open circles), LxsnCD59, 
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vector with CD59 insert (open squares), and LxsnCD59Flg. 
vector with 5"Flg epitope-flagged CD59 insert (dark 
triangles). 

EXAMPLE 2 

Stable Expression of hCD59 in Mouse Cells and Which 
Protects the Cells from Complement Mediated Lysis 
Mouse Balb/3T3 cells were transfected with the pCShCD 

59-103 plasmid described in FIG. 6. The transfection was 
performed using the calcium phosphate precipitation 
method with 10 ug of plasmid pCS-hCD59-103 applied to 
approximately 10 cells. Stable transfectants were selected 
by cotransfecting the Balb/3T3 cells with a neomycin resis 
tance plasmid (pSV2-neo; Yale University, New Haven, 
Conn.; 1 g per 10 cells) and then selecting stably express 
ing cell clones in the presence of geniticin (G418; 500 
pig?ml). Balb/3T3 cells transformed with just the neomycin 
resistance plasmid and not the pC8-hCD59-103 plasmid 
were used as controls. 

Stable transfectants were assessed for hCD59 expression 
by flow cytometry using 10 pg/ml anti-CD59 monoclonal 
antibody MEM-43 (Accurate Chemical and Scientific Corp., 
Westbury, N.Y.) or 20 pg/ml of an anti-CD59 polyclonal 
serum (Southeastern Wisconsin Blood Center, Milwaukee, 
Wis.). The cells were incubated with the primary antibodies 
at 4° C. for 30 minutes. FITC-conjugated-anti-mouse IgG 
was then added and allowed to incubate an additional 30 
minutes at 4° C. The cells were analyzed using a FACSort 
(Becton Dickenson) flow cytometer with the FL1 fluores 
cence channel (520 nm) set at logarithmic gain. The results 
show that stable transfection was achieved. 

Positive hCD59-expressing Balb/3T3 clones were ana 
lyzed for the expression of functional CD59 by using a 
complement-dependent cell killing assay designed to moni 
tor the cellular release of a fluorescent dye. The dye release 
assay was performed essentially as described by the 
manufacturer, Molecular Probes, Inc. (Eugene, Oreg.). 
Briefly, the assay relies on the uptake of calcein-AM and its 
subsequent hydrolysis to the fluorescent calcein molecule. 
Calcein-AM is an esterase substrate that is membrane per 
meable and virtually non-fluorescent. Substrate hydrolysis 
by intracellular esterase activity yields the intensely fluo 
rescent product, calcein. Calcein is a poly-anionic molecule 
that is retained in the living cell and results in the cell 
generating an intense uniform green fluorescence. 

Complement-mediated dye release was determined from 
cell supernatants after incubation of the cells with a reactive 
antibody (polyclonal antiserum raised in rabbits to 3 types of 
mouse cells; L-cells, Balb/3T3 cells and MOP-8 cells, in the 
presence of complement CS-deficient human serum for 15 
minutes at 37° C. EDTA-treated human serum was added 
back to the reaction at increasing concentrations (0-15%) 
for 30 minutes at 37° C. The percent dye release at the end 
of the incubation period was calculated from total uptake, 
corrected for non-specific dye release. Dye release was 
measured at 490 nm using a cytofluor fluorescence plate 
reader (Millipore). 
The results demonstrate that the mouse Balb/3T3 cells 

which stably express human CD59 are protected from the 
complement killing effects of human serum whereas 
neomycin-resistant control clones not expressing hCD59 are 
sensitive to human serum-dependent cell killing. 
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EXAMPLE 3 

Generation of Transgenic Mice Expressing hCD59 
In order to achieve transgenic expression of hCD59, the 

CMV-hCD59-SV40 transcriptional unit was removed from 
pCS-hCD59-103 using the restriction enzymes Spel and 
Scal. This restriction digest selectively extracts the tran 
scription unit from the overall vector and permits purifica 
tion of only the essential elements required for expression. 
The 2300 bp restriction fragment resulting from the digest 

was gel isolated, extensively purified through an ELUTIP 
column (Schleicher & Schuell, Keene, N.H.), dialyzed 
against pyrogen free injection buffer (10 mM Tris, pH7.4+ 
0.1 mM EDTA in pyrogen free water), and used for embryo 
injection to generate transgenic mice in accordance with the 
methods of Hogan et al. 1986 and Brinster et al., 1985. 
50 founder putative positive offspring were tested by 

harvesting genomic DNA from the tail of each of these 
animals. 5 micrograms of this genomic DNA from each of 
the 50 animals was transferred to nitrocellulose and dot-blot 
hybridization was performed using a 'p hCD59 cDNA 
probe generated from pUC19-hCD59 by cutting with 
BamHI and EcoRI. Varying amounts of CD59-pUC19 plas 
mid DNA served as positive controls for hybridization and 
copy number determination, Human genomic DNA isolated 
from the human choriocarcinoma cell line, Jar, was also used 
as a positive control. 
Of the 50 founder offspring, 24 were determined to 

contain the transcriptional cassette of the invention. Trans 
gene positive mice were then analyzed further for expression 
of hCD59 in various mouse cells and tissues. 

Several cell and/or tissue types were isolated from the 
hCD59 transgenic mice in order to determine the extent of 
transgene expression in these transgenic animals. The initial 
analysis of each positive transgenic mouse involved isolat 
ing whole blood from the animal by retro-orbital bleeding. 
Clotting was prevented by the addition of ACD-2 (71.4 mM 
citric acid, 85 mM sodium citrate, 111 mM dextrose) at a 
ratio of 6 parts blood to 1 part ACD-2. The different cell 
types (i.e., erythrocytes, lymphocytes and monocytes) were 
analyzed for the presence of hCD59 on the cell surface using 
FACS. Erythrocytes were washed with HBSS+2% fetal calf 
serum and then processed directly. Total leukocytes were 
isolated from whole blood by hypotonic lysis of the eryth 
rocytes followed by centrifugation and washing with 
HBSS-2% fetal calf serum. 
Subsequent to washing, the cells were incubated in 

HBSS+2% fetal calf serum with the addition of 10 ug/ml 
anti-CD59 monoclonal antibody (MEM-43, Accurate 
Chemical and Scientific Corp., Westbury, N.Y.; or YTH53.1, 
Serotec, Indianapolis, Ind) or 20 pg/ml of an anti-CD59 
polyclonal serum (Southeastern Wisconsin Blood Center, 
Milwaukee, Wis.) for 30 minutes at 4° C. FITC-conjugated 
anti-mouse IgG was added and allowed to incubate an 
additional 30 minutes at 4°C. The cells were then analyzed 
using a FACSort (Becton Dickenson) flow cytometer with 
the FL1 fluorescence channel (520 nm) set at logarithmic 
gain. One control monoclonal antibody, Y-3, specific for a 
common epitope shared by murine class Imolecules H2Kb 
and H2Kk which represent the 2 possible haplotypes of the 
offspring, was used to assay erythrocytes for a known cell 
surface marker. Another antibody, T200, which recognizes 
the common leukocyte antigen CD45, was used as a control 
antibody to assess lymphocyte staining. 

Flow cytometric analysis was performed on cells from 
several of the transgenic mice obtained as described above. 
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This analysis showed that hDC59 was expressed on the 
monocytes of all of the CD59-positive transgenic animals 
tested. Litter mates negative for the hCD59 cDNA by 
Southern blotting did not express hCD59. Neutrophils and 
lymphocytes were negative for hDC59. These results dem 
onstrate that hCD59 cDNA was expressed in transgenic 
animals. 

Dissected tissues (i.e., abdominal aorta, heart, lung, and 
fat pad) from hCD59 transgenic animals and from negative 
litter mates were submerged in O.C.T. (Tissue TekII, Miles, 
Elkhart, Ind.) and frozen in cryomolds. Tissue sections were 
cut on a cryotome and mounted on slides. Duplicate sections 
were then processed for immunohistochemistry. The tissue 
sections were stained with anti-CD59 antisera (MEM-43 or 
YTH53.1) and anti-MHC Class I (Y-3, as a control), washed 
several times with PBS, and then incubated with an 
Rhodamine-conjugated goatanti-mouse IgG secondary anti 
body. Ausubel et al., Current Protocols in Molecular Biol 
ogy Vol. 2, (Wiley Interscience, John Wiley and Sons 1987). 
Slides were viewed, scored visually as either CD59-positive 
or CD59-negative and photographed with a MRC-600 con 
focal microscope (Bio-Rad Laboratories, Richmond, Calif.). 
The results of the immunohistochemical staining for 

abdominal aortic tissue demonstrate positive cellular expres 
sion of CD59 in the tissue section in the transgenic animals. 
The immunohistochemical stain reveals bright staining of 
the intimal layer of abdominal aortic endothelial cells and 
bright staining of the aortic adventitial capillary endothelial 
cells. Some low level staining of medial smooth muscle cells 
could be seen. Similar results were obtained for the other 
tissues tested. Bright staining of endothelial cells lining the 
coronary arteriolar region was observed, along with staining 
of myocardial cells. Reduced staining of alveolar epithelial 
cells was seen in combination with bright staining of adja 
cent capillary endothelial cells. For the mouse epididymal 
fatpad, which is an example of a systemic capillary network, 
there was bright capillary endothelial cell staining and 
present, but reduced, interstitial staining. 

These tissue examinations demonstrate that the transcrip 
tional cassette produces a high degree of endothelial cell 
expression of hCD59 in the transgenic mammal in both 
systemic and pulmonary circulations, and in capillary, 
arteriolar, and arterial vasculatures. 

EXAMPLE 4 

Generation of Recombinant Mice Bearing a Deletion of the 
Invariant Chain (li) Having Reduced Cell Surface MHC 
Class II Expression and Diminished Ability to Present 
Exogenous Protein Antigen 
Major histocompatibility complex (MHC) class I and 

class II molecules bind and present peptide antigen to 
T-cells. While class I molecules predominantly bind pep 
tides generated from endogenously synthesized cytosolic 
proteins prior to their release from the endoplasmic reticu 
lum (ER), class II MHC molecules present exogenously 
derived internalized antigen. 

Class II molecules are expressed on the cell surface as 
heterodimers composed of a 34 kD or and 28 kD B chains. 
The O. and B chains also interact with a third glycoprotein, 
the invariant chain (li), following their translocation into the 
ER. The OBicomplex is then transported through the Golgi 
apparatus to an acidic compartment where the li is pro 
teolytically removed. It is within this same compartment that 
class II molecules may come in contact with exogenous 
antigens that have been internalized by endocytosis. 
Although many important features of this pathway remain 
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unknown, it appears that a coordinated series of events may 
simultaneously generate both peptide antigens and Ii-free 
of dimers leading to class II-peptide interaction. Finally, 
class II of peptide complexes are transported to the cell 
surface for presentation to antigen-specific T-cells. 
This example demonstrates that the invariant chain gene 

can be disrupted in mouse embryonic stem cells (ES cells), 
and in transgenic mice produced using the ES cells, by 
specifically and stably replacing it in the genome with a 
mutated and non-functional form of the invariant chain gene 
and that replacement of the native invariant chain gene with 
a non-functional mutant can be achieved in a given cell by 
gene targeting technology which takes advantage of a 
homologous recombination event between the mutated gene 
and the native invariant chain gene. A partial restriction 
enzyme map for the mouse invariant chain gene is shown in 
FIG.7B. Digestion of mouse genomic DNA with the restric 
tion enzyme Drashould generate an invariant chain gene 
fragment of approximately 8.7 kb when this DNA is probed 
by Southern blotting with a radiolabeled probe specific for 
the mouse invariant chain gene. This result is obtained and 
demonstrated in FIG. 8 (lane identified as parental cells). 
To disrupt the mouse invariant chain gene by homologous 

recombination, a gene targeting vector was constructed, so 
as to replace a sequence of the invariant chain gene between 
nucleotides 661 and 1064 with the neomycin gene. This 
genetic engineering leads to the elimination of most of exon 
1 including the translation initiation codon ATG, and a large 
portion of the promoter including the TATA box and CAAT 
box which function as regulatory elements required for 
accurate and efficient transcription of the invariant chain 
gene, as reported by Zhu and Jones, 1989 "Complete 
sequence of the murine invariant chain (Ii) gene” Nucleic 
Acids Res. 17:447-448. This gene targeting vector is shown 
in FIG. 7A as a general example of the disruption strategy. 
By deleting this region of the invariant chain gene, all 
expression of this gene including transcription and transla 
tion will be eliminated. As demonstrated below, deletion of 
i chain causes a significant reduction of cell surface class II 
expression, accumulation of class II molecules in the endo 
plasmic reticulum and a significantly diminished ability to 
present exogenous protein antigen. In vivo, Iichain "knock 
out” mice show a profound reduction in their CD4 T-cell 
subpopulation. These results demonstrate that the lichain is 
required for proper intracellular transport and normal regu 
lation of class II restricted immune responses. 

Replacement of the Native Invariant Chain Gene with the 
Mutated Invariant Chain Gene 

Replacement of the native invariant chain gene with the 
mutated invariant chain gene was first demonstrated in 
mouse embryonic stem cells. Embryonic stem cells (ES 
cells) were routinely passaged every other day in ES growth 
media containing DMEM (high glucose) with 15% FBS and 
0.1 mM 2-mercaptoethanol. The ES cells were maintained 
on a confluent layer of primary embryonic fibroblasts. Two 
days prior to the transfection of the ES cells with the gene 
targeting vector the cells were expanded in culture. To 
transfect these cells, 25 ug of DNA corresponding to the 
invariant chain targeting vector were introduced into 1x10' 
ES cells by electroporation using a BioRad electroporator 
set at 250 pF and 0.32 kV. The ES cells were then seeded 
onto 10x100 mm Nunc M tissue culture plates and stable 
transfectants were selected for chromosomal integration by 
way of neomycin resistance in G418 (170 pg/ml) and/or 
gangcyclovirin some experiments where the herpes-simplex 
virus thymidine kinase gene was included in the targeting 
Vector, 
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After 14 days in selection media, individual neomycin 

resistant colonies were selected and propagated on feeder 
layers of confluent embryonic fibroblasts. Genomic DNA 
was isolated from 55 individual stable transfectants and 
digested overnight with either the EcoRI or Drarestriction 
endonucleases. Digested DNA was resolved by 
electrophoresis, blotted to GeneScreen+TM nylon mem 
branes and then hybridized with a radiolabeled DNA probe 
specific for the mouse invariant chain gene. The pattern of 
hybridizing bands for two independent clones, 11.10.93 and 
11.10.128, shown in FIG. 8 is consistent with the mutant 
form of the invariant chain gene (where exon 1 was dis 
rupted by the insertion of neomycin gene sequence) having 
homologously recombined and replaced the endogenous 
invariant chain gene. The pattern of restriction nuclease 
digestion observed is outlined diagrammatically in FIG.7C. 
The frequency of recombination was determined to be 2 in 
55 clones. These data, therefore, demonstrate that this tar 
geting vector can disrupt the native cellular invariant chain 
gene. 

Generation of Mice Deficient in Expression of the MHC 
Class II-Associated li Gene by Introducing a Deletion into 
the Ii Gene of Embryonic StemCells 

Homologous recombination was used to generate nice 
deficient in expression of the MHC class II-associated Ii 
gene by introducing a deletion into the Ii gene of the 
embryonic stem cell line ES-D3, described by Doetschman, 
J. Embryol. Exp. Morph. 87,27-45 (1985). A 0.4 kb Stul 
fragment containing exon 1 and a portion of the lipromoter 
region was replaced with a neomycin resistance (neo) 
cassette to create anitargeting vector, pliKO. The targeting 
vector contained 5 kb of homologous flanking sequence and 
two copies of the herpes simplex virus (HSV-1) thymidine 
kinase (tk) gene inserted at the 5' end of the Ii fragment. A 
2.1 kb Bql-EcoRI fragment encoding the promoter and 
exon 1 was subcloned into pSK Bluescript (Stratagene, 
LaJolla, Calif.). The internal 0.4 kb Stu fragment was 
deleted and the neomycin resistance cassette (pMCineo 
PolyA, Stratagene) was introduced in place of the Stu 
fragment. An additional 3.0kb EcoRI-Kipnifragment encod 
ing exon 2 and 3 was added to the 3' end of the Bg-EcoRI 
subclone. Finally, two copies of the HSV-1 thymidine kinase 
gene were subcloned into the Not polylinker site 5 of the 
Ii gene. ES-D3 cells (1x10) in 0.7 ml of media were 
transfected with 25 ug of Not linearized DNA with the 
Bio-Rad Gene Pulser (25uF, 0.32kV). Following electropo 
ration the cells were plated on ten 100-mm plates in media 
(Dulbecco's modified Eagle medium with 15% fetal calf 
serum, 2 mM glutamine and 0.1 mM 2-mercaptoethanol) 
supplemented with leukemia inhibitory factor (Gibco-BRL). 
Media with geneticin (170 g/ml; Gibco) and gancyclovir (2 
M; Syntex, Palo Alto, Calif.) was added 24 hours after 

transfection. All transfectants were maintained on a mono 
layer of 1° embryonic fibroblasts during the 10 day drug 
selection. 
Genomic DNA was purified from individual clones and 

analyzed by Southern blot with a 5'probe. This probe is a 0.6 
kb BgllI-Xbal fragment from the 5' end of the ligene. It 
hybridizes to a 3.0 kb EcoRIfragment of the endogenous Ii 
gene and to a 2.5 kb fragment of the disrupted allele. The 
Southern blot analysis is a hybridization of the li probe to 
EcoRIdigested tail DNA from littermates derived from the 
mating of two heterozygous-HAlimice. Hybridization with 
the 5' Ii probe identifies animals which are homozygous 
wildtype (H+), heterozygous (+/-), or homozygous for the 
disrupted li allele (--). The 3.0 kb and 2.5 kb markers 
indicate the migration of the wildtype and mutated alleles, 
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respectively. Insertion of the tk genes into the targeting 
construct allowed for positive-negative selection of the 
ES-D3 transfectants. A total of 1x10' ES=D3 cells were 
electroporated with the pliKO construct. 

After selection, 1.4x10 G418-resistant colonies were 
recovered. Of these, 3x10° transfectants were also resistant 
to gancyclovir. A total of 60 doubly resistant clones were 
tested by Southern blot analysis. Two clones were identified 
as having incorporated the targeting vector by homologous 
recombination. Both clones were tested with a series of 
restriction enzymes to confirm that they contained a single 
insertion of the targeting construct at the appropriate site. 
One clone, containing a disrupted Ii allele, was injected into 
C57BL/6 blastocysts. A total of 8 male chimeras were born 
and then bred. One of the male chimeras transmitted the ES 
cell genotype to 100% of its offspring. As determined by 
Southern blot analysis of tail DNA, approximately one half 
of the offspring contained a disrupted li allele (+/-). Of the 
F2 animals derived from heterozygous brotherxsister 
mating, one quarter of the progeny were homozygous for the 
Ii gene mutation (-/-). 
To confirm the loss of Ii protein expression, the LPS 

treated splenocytes from wildtype, heterozygous (+/-), or 
mutant (-/-) mice were examined by immunofluorescence 
confocal microscopy using the Ii-specific antibody, lin-1. 
Confocal microscopy of LPS treated splenocytes from het 
erozygous (+/-) and homozygous (--) was performed with 
an invariant chain specific antibody, in-1. Splenocytes were 
attached to Alcian Blue coated cover slips, permeabilized 
with 0.01% saponin and stained with the invariant chain 
specific mAb ln-1 (A gift from Jim Miller, Chicago 
University) followed by affinity purified donkey anti-rat 
TRITC (Jackson Labs). The cells were then imaged on either 
aZeiss confocal microscope. The +/- splenocytes expressed 
normal levels of Ii as compared to C57BL/6 or 129Sv/ 
parental mice. As expected, no li expression was detected 
either on the plasma membrane or intracellularly in LPS 
treated splenocytes from the -/- mice. 
To determine whether the loss of li expression had any 

effect on the expression or transport of class II o, and B 
chains, flow cytometric analysis of splenic lymphocytes was 
performed. Splenic single cell suspensions were made from 
individual wildtype (+/-) and mutant (--) animals. 5x10 
cells were stained with hybridoma supernatant containing 
either class II specific antibodies, M5/114 or alloantibodies, 
Y-Ae. The cells were washed twice with staining buffer 
(1xPBS, 1% fetal calf serum, 0.1% NAN) and incubated 
with the second step reagent fluorescein-conjugated mouse 
anti-ratantibody (M5/114) or fluorescein-conjugatedF(ab')2 
fragment of rabbit antibody to mouse IgG(Y-Ae). Finally, 
the cells were washed, fixed with 1% paraformaldehyde and 
analyzed by flow cytometry on a Becton Dickinson FACS 
Star. In addition to M.5/114 other class II specific Ab (Y3P, 
Y248, Y219, AF120.6, and Y237) were used to stain sple 
nocytes. All antibodies tested gave similar results. 
To determine whether the reduced cell surface expression 

of class II molecules in the -/- mice was due to an inability 
of or and B chain to be transported out from the ER, the 
intracellular distribution of class II molecules was deter 
mined by immunofluorescence confocal microscopy. LPS 
treated splenocytes were double-labeled for class I and 
various antigenic markers known to be localized to distinct 
organelles. LPS stimulated splenocytes were attached to 
Alcian Blue coated cover slips, permeabilized with 0.01% 
saponin and stained with primary antibody and affinity 
purified secondary antibody. The cells were then imaged on 
a Zeiss confocal microscope with either staining with a 
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Rabbit anti-serum raised to affinity purified I-A (Rb anti 
I-A, a gift of Dr. Ralph Kubo, Cetus, Corp., LaJolla, Calif.) 
and affinity purified FITC-goat anti rabbit; staining with Rb 
anti-I-A (Green) and the FcR specific mAb 2.4G2(Red), or 
staining with Rb anti-I-A (Green) and an anti-BiP mAb 
(Red). As detected by a panel of monoclonal antibodies 
(mAb) specific for either AB or Ao, splenocytes from the 
homozygous mutant mice exhibited a 5-10 fold reduction in 
the level of class II staining on the plasma membrane. 
Relative to the staining observed in splenocytes from paren 
tal or heterozygous 
(+/-) mice, class Imolecules in cells isolated from homozy 
gous 
-/- mice exhibited a diffuse intracellular distribution sug 
gestive of a predominant localization to the ER. Although 
this was evident from the singly-stained images, the intra 
cellular localization of class Imolecules in the -f- cells was 
directly illustrated by co-staining with a plasma membrane 
marker (Fc receptor; FcYRI). In the -f- splenocytes, cells 
were often observed in which class I staining (FITC) 
appeared as a concentric ring contained within the surface 
staining due to the FcYRI (TRITC). In +/- splenocytes, 
FcYRI and class II staining co-localized. 
That the internal class II staining in the -f- cells might 

reflect an ER localization was suggested by double staining 
with antibodies to BiP. In cells from +/- or parental mice, 
when BiP staining was evident (TRITC), it was always 
distinct from and contained within a larger ring-like surface 
fluorescence due to plasma membrane class II molecules 
(FTTC). On the other hand, in cells from -/- mice, many 
cells exhibited significant overlap between the two staining 
patterns (appearing as yellow in the confocal images). Not 
all cells exhibited interpretable patterns due to the low 
cytoplasmic content of the splenocytes. Moreover, in LPS 
treated splenocytes, cells exhibiting high levels of class II 
expression generally exhibit low levels of BiP expression, 
and vice versa. Since no overlap was observed in the -f- 
cells between class II staining and staining for mannosidase 
II (medial Golgi), TGN38 (trans-Golgi), or lgp 120 
(lysosomes), these experiments strongly suggest that in 
lymphocytes, (ii) is required for efficient transport out from 
the ER. 

Since some class II molecules could be detected on the 
surface of-f-splenocytes, the requirement for (Ii) in the exit 
of class Imolecules from the ER is not absolute; moreover, 
it is evident thato, and B chains that do exit the ER can reach 
the cell surface. To test whether these molecules were 
properly folded and functional, it was determined if they 
were capable of presenting peptide or protein antigens to a 
panel of antigen-specific T-cell hybridomas. Mutant and 
control cells were tested for their ability to process/present 
Eo. 56-73 peptide, as shown by FIG. 9a, and recombinant Eo. 
S1/2 fusion proteins, as shown by FIG. 10a, to T-cell 
hybrids. These are described by Rudensky, et al., Nature 
353, 660-662 (1991) and 622-627 (1991). Mutant spleno 
cytes (open circles) are far better at presenting exogenous 
peptide antigens then are the control -H+ (open squares) or 
+/- (dark diamonds) cells. In contrast the -f- cells are at 
least 10 times less efficient at presenting EO. fusion protein. 
No stimulation of the T-cells was observed when a non 
relevant fusion protein, Conpep (described by Nakagawa, et 
al., Eur: J. Immun. 21, 2851-2855 (1991), was substituted 
for the EOS1/2 protein. Stimulation of the T-cell hybrids was 
measured by incubating 1x10 1H hybrid cells 
(Rudensky, 1991) with 1 or 3x10 spleen cells per well of 
96-well plates in the presence or absence of peptide?protein. 
After 24 hour of incubation 50 pil aliquots of supernatants 
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were removed and tested for lymphokine production using 
the CTLL-2 cell line at 5x10 cells per well. Cells were 
pulsed for 4 hours with 1 pCiper well of H-thymidine and 
collected. The Bo recombinant fusion protein was generated 
by Subcloning oligonucleotides encoding the nucleotide 
sequence of the naturally processed Eo-derived 17 mer 
peptide (Eo. 56-73) into the BamHI site of pGEXTAG 
(Nakagawa, et al. 1991). The EocS1/2 fusion protein has a 
stop codon incorporated into the oligonucleotide such that 
the TAG peptide is not translated. Recombinant fusion 
proteins were expressed and purified as described by Smith 
and Johnson, Gene 67, 31-40 (1988). A nonspecific fusion 
protein, compep, which encodes a conalbumin 13 amino acid 
peptide (amino acids 134-146) was produced and used to 
establish specificity of the T-cell response. 

In summary, as shown in FIG. 9a, both the mutant and 
wildtype splenocytes are able to functionally bind and 
present exogenously added Eo peptide to an Eo specific 
T-cell hybridoma. However, the ability of the -f- cells to 
present intact Eo-containing fusion protein was markedly 
reduced as compared to ++ cells, as shown by FIG. 9b, 

Since the (Ii) deficient mice were generated by targeted 
mutation of the (i) gene, -f- cells should not be defective 
at internalizing or degrading exogenous protein into anti 
genic peptides. Thus, the inability of mutant cells to present 
whole protein was likely to reflect a failure of the class II 
molecules to acquire processed peptide antigens either due 
to the inability of the or and B chains to reach to the 
appropriate endosomal compartment or their inability to 
bind processed antigen. If the class II molecules on the cell 
surface of -f- cells were transported from the ER to the cell 
surface without passing through a putative processing 
compartment, the peptide binding groove of the class II 
molecules might be "empty." To test this possibility, the 
ability of +/- and -f- splenocytes to bind Bo, peptide by 
measuring cell surface staining with Y-Ae was compared. 
Y-Ae is a monoclonal alloantibody that detects a determi 
nant expressed on a subset of class III-A molecules when 
complexed with an Eo-derived peptide Eos6-73. 

Mutant and wild type splenocytes were incubated with Eo. 
peptide for 4 hr and then stained for the Y-Ae determinant. 
Both +/- and -f- cells expressed the Y-Ae epitope. 
However, the -f- cells showed a substantially higher degree 
of staining with Y-Ae Ab than did the -f- cells, consistent 
with our prediction that a greater fraction of surface class II 
molecules on -f-cells were "empty" and therefore capable 
of binding a greater amount of Eot peptide. This is also 
consistent with the antigen presentation results in which the 
mutant -f- cells were found to present the exogenous 
peptide better than the control cells. Similar results were 
obtained in at least one experiment in which the ability of 
class Imolecules to present peptide antigen was determined 
in L-cells transfected in the absence of (i). 

EXAMPLE 5 

Genetic Engineering of Microvascular Capillary endothelial 
Cells, Implantation, and Expression of Protein. In Vivo 

Isolation of Rat Microvascular Capillary Endothelial 
Cells 

Rat microvascular capillary endothelial cells were iso 
lated by first removing the epididymal fat pads using sterile 
technique. The fat pads were placed in sterile HEPES (pH 
7.4) which contains 140 mMNaCl, 10 mM HEPES, 10 mM 
KCl, 0.1 mM CaCl2, 0.2 mMMgCl2, 11 g/l NaHCO, 5.0 g/1 
glucose, 100 U/ml penicillin, and 100 U/ml streptomycin. 
The fat was then minced for 3 to 5 minutes with a scissors. 
The minced tissue was placed into flasks containing equal 
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volumes of sterile HEPES buffer with 5 mg/ml collagenase 
and 5 mg/ml bovine serum albumin. The incubation was 
continued until the majority of the minced tissue contained 
tube-like fragments and single cells. The cell suspension was 
then centrifuged at 200xg for 7 minutes in 15 ml conical 
tubes. The top white fatty layer was then aspirated off and 
the pellets resuspended in 10 ml of HEPES buffer containing 
10% BSA and recentrifuged and resuspended an additional 
two times. The resultant pellets were resuspended in 45% 
Percoll and centrifuged at 15,000xg for 20 minutes at 4°C. 
in a SS34 fixed angle rotor. The tufts of the RFCs are in a 
milky white layer beneath the top-most adipocyte 
containing layer and above a translucent layer containing 
large vessel fragments. The tufts were resuspended in media 
(Medium 199E containing 20% heatinactivated fetal bovine 
serum, 5 mM HEPES, penicillin and streptomycin, 5 mM 
pyruvate, and 5 mM glutamate mixed with 1:1 with the same 
medium containing 10% FBS which has been conditioned 
for 48 hours by incubating over confluent endothelial cells). 
The cells were then seeded into tissue culture flasks that 
have been coated with 1.5% gelatin in PBS overnight. The 
microvascular endothelial cell cultures were incubated in 
5% CO at 37° C. 

Genetic Engineering of Rat Microvascular Capillary 
Endothelial Cells for the Expression of Human ApoE 

Cells to be retrovirally infected were plated at a 1:4 split 
ratio onto 75 ml Corning flasks that had been coated with 
1.5% gelatin. Retroviral vectors for the expression of human 
ApoE were constructed from a defective Moloney murine 
leukemia virus. A cDNA fragment encoding the full-length 
and functional human apolipoprotein E (Apo E) was sub 
cloned into the retroviral vector. The resulting plasmid was 
designated LXSn-ApoB. Ecotropic retrovirus was produced 
by transfecting Psi-2 cells with polybrene and selecting in 
G418. Amphotrophic virus stocks were prepared by infect 
ing Psi-AM packaging cells and stable microvascular cap 
illary endothelial cell transfectants were selected in G418. 

Establishment of Three Dimensional Capillary Networks 
Expressing Human ApoB Protein 
To seed the genetically engineered cells into a capillary 

cell network, the engineered cells were first dispersed in a 5 
mg/ml solution of neutralized acid-soluble type I collagen 
(isolated from calf dermis) at a concentration of 3.0x10 
cells per ml in DMEM with 10% fetal calf serum and 25% 
bovine aortic endothelial cell-conditioned media. The cells 
were maintained at 37° C. with 5% CO. To assess expres 
sion and secretion of human ApoB protein, the media was 
harvested and analyzed by Western blot analysis using an 
antibody specific for human Apo. 
The analysis shows that rat epididymal fat pad capillary 

endothelial cells stably infected with the retrovital construct 
and cultured in a three dimensional collagen matrix express 
and secrete human ApoB as determined by Western blotting 
analysis using an antibody to human ApoB protein. 

Despite the fact that the microvascular capillary cells have 
undergone a phenotypic change during their formation of 
capillary networks in three dimensional collagen gels, they 
continue to express and secrete levels of human ApoB 
equivalent to that of cells maintained in two dimensional 
cultures. 

Transplantation of Three Dimensional Capillary Net 
works Expressing Human ApoE Protein 
The three dimensional capillary network in the collagen 

gels were injected subcutaneously into the flank of a rat. 
Five weeks after transplantation, these grafts were recovered 
and examined histologically. Histologic sections of geneti 
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cally engineered rat epididymal fat pad capillary endothelial 
cells packaged in a collagen matrix which was then trans 
planted into the subcutaneous tissue of a recipient syngeneic 
rat show the presence of erythrocytes derived from the 
recipient circulating within the transplanted capillary endot 
helial cell collagen matrix graft, indicating functional vas 
cular anastomosis between the recipient and the graft. 
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A variety of modifications which do not depart from the 

scope and spirit of the invention will be evident to persons 
of ordinary skill in the art from the disclosure herein. The 
following claims are intended to cover the specific embodi 
ments set forth herein as well as such modifications, 
variations, and equivalents. 

SEQUENCE LISTING 

( 1) GENERAL INFORMATION: 

( i i i ) NUMBER OF SEQUENCES: 4 

(2) INFORMATION FOR SEQID NO:1: 

( i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 2124 base pairs 
(B) TYPE: nucleic acid 
( C STRANDEDNESS: single 
( D TOPOLOGY: linear 

( i i ) MOLECULE TYPE: cDNA 

( i i i ) HYPOTHETICAL: NO 

( i v ANTI-SENSE: NO 

( v i ) ORIGINAL SOURCE: 
(A ) ORGANISM; Homo sapiens 

( v i i ). IMMEDIATE SOURCE: 
(A) LIBRARY: GenBank HUMCD46Q 
( B ) CLONE: HUMCD46 cDNA 

( xi ). SEQUENCE DESCRIPTION: SEQ dNo:1: 

GAATTC G. G. G. G. 

T C C C T TT C CT 

CT CCTT CTCC 

ACCAAAA CCC 

CTATATAC CT 

CT CAGAT GAC 

A G CA GT C C CT 

GGGTTA. TAC 

TT G GAG CG GT 

AAA T G GAAAA 

TA GT T G T G AT 

TT G T G G T GAC 

ATTT C CA GTA 

AG CAA CA GTT 

C T G T GACA GT 

TT CCA CTA CA 

A GT CT CAAAT 

TTGG GT CATT 

C C CGACA GA 

CAGAGA AG TA 

ATA ACA G CGT 

T C CTG GC GCT 

GAT G CCT G T G 

TACA GA, GA 

CCT CTT GC CA 

G C C T G T TATA 

G CAAAT G. G. G.A. 

TTAATT G GIG 

AAG C C C C CAA 

CA CAC CTTTA 

CCT G CAC CTG 

AATT CA. GTGT 

GT CGAAAATG 

A T G TTT GAAT 

AACA GT ACTT 

AAA. T C T C CAG 

TAT C CAG GAT 

G CT G T GATTG 

TAT CTT CAAA. 

AAA. T ACTT 

CTT C C GC GCC 

TT C CTGGGTT 

A G GAGCCA C C 

TT G G GAA CG 

C C CATA CTAT 

GAGAAA CAT G. 

CTTAC GA GTT 

AAGAAATT CT 

TAT G T GAAAA 

GT GAA GT AGA 

GACCAGAT C C 

GGA GT C G GC 

GAAAACAGAT 

G CGA TAAG G G 

GG GAT C C C C C 

C GT C C A G T G C 

AT C C T AAA CC 

TTATTGC CAT 

G GAG GAA GAA 

CT CT C T G A GA 

GCG CAT G GAG CCT C C C G GCC GCC GCGA GTG 60 

GCT. T. CTGG CG GC CAT G G T G T T G CTG CT GTA 1 20 

AA CATT GAA G CTAT G GAG C T CATT G GTA A 1 80 

A GT AGATTAT AAG T G T AAAA AAG GATA CTT 2, 4 () 

T G T GAT CGG AAT CATA CAT G. G. CTAC CTGT 3 O O 

T C CATATATA CGG GAT CCTT T. AAA T G GC CA 3 60 

T G G T TAT CAG AT G CA CTTTA TTT GTAATGA 4 20 

ATA T G T GAA CTTA.A.A. G. GAT CAGAG. CAAT 4 80 

GGTTTT G T G T ACA C CAC CT C CAAAAATAAA 54 ) 

A GTATTT GAG TAT CTTGA T G CAG TAACTTA 60 0 

ATTTT CA CTT ATT G GAGA GA G CAC GATTTA 6 60 

T G. C. C. C.A. GAG T G T AAA GT G G T CAAAT GT CG 7 2. O 

AT CA. G. GATTT G GAAAAAAA TTT ACTA CAA 7 8 O 

TTTTTAC CTC GAT G G CAG CG ACACAATT GT 8 A. O 

A GT C CAAA G T G T CTTAAA G T G T C GA CTTC 9 O O 

CT CAG G T C CT A. G. G. C. CT ACTT ACA A G CCT C C 9 60 

TGA G GAA G GA ATA CTTGACA GTTT G GAT G. 1 O 2 O 

A GT T G T TG GA GT T G CAG TAA TTT G T G TT GT 1 0 8 O 

GAAAG GCA CA. T A C CT AACT G AT G.A. GACCCA 1 1 4 0 

A G. G. AGAGA T G A GAGAAAG GT TT G. CTTTAT 1 20 0 
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-continued 

( 2) INFORMATION FOR SEQID NO:3: 

( i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 103 amino acids 
(B) TYPE: amino acid 
(C) STRANDEDNESS: single 
(D) TOPOLOGY: linear 

( i i ) MOLECULETYPE: protein 

( i i i ) HYPOTHETICAL: No 

( i v ). ANTI-SENSE: NO 

( v FRAGMENT TYPE: N-terminal 

( v i ) ORIGINAL SOURCE: 
A ) ORGANISM: Homo sapiens 

( v ii) IMMEDIATE SOURCE: 
(B) cloNE: CD59 

( xi ) SEQUENCE DESCRIPTION: SEQED NO:3: 

Le u G 1 n Cy s Ty r A is a Cys Pro As in Pro Th r A 1 a. A s p Cy s Ly is Th r A 1 a 
1. 5 1 O 1 5 

Wa 1 As in Cy s Ser Ser A s p Ph e A s p A 1 a Cys Le u I le Thr Lys A 1 a G 1 y 
20 25 3 0 

Le u G n w a 1 Tyr As n Lys Cy s Trip Ly is Phe G 1 u His Cy s As n Phc As in 
35 4 0. 45 

A s p Wa 1 Thir Thr Arg L. eu. A rig G1 u As in G 1 u L. eu Thr Tyr Ty r Cys Cys 
5 O 55 60 

Lys Lys As p Le u Cys As in Phe As in G 1 u G 1 in Le u G 1 u As in G i y Gly Thr 
65 0 5 80 

Ser L. eu Ser G 1 u Lys Thr Val Le u Le u L. eu V a Thr Pro P he Le u A 1 a 
85 9 0. 95 

A 1 a. A a Trip Ser Le u His Pro 
0 0 

( 2) INFORMATION FOR SEQID NO:4: 

( i SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 315 base pairs 
(B) TYPE: nucleic acid 
(C) STRANDEDNESS: singie 
(D) TOPOLOGY: linear 

(ii) MOLECULETYPE: cDNA 

(ii i ) HYPOTHETICAL: No 

( i v ANTI-SENSE: NO 

( v i ) ORIGINAL SOURCE: 
(A) ORGANISM: Homo sapiens 

( v i i ). IMMEDIATE SOURCE: 
( B ) CLONE: CD59 

( xi ) SEQUENCE DESCRIPTION: SEQID No.4: 

C T G CAG T G CT ACA ACT G T C C TAA C C CAA CT G. CT GAC T G CA AAA CAGCC GT CAA T G TT CA 6 0. 

T CT GATTTT G AT G C G T G T C T CATTAC CAAA G CTG G G T TAC AA GT GTATAA CAA G T G T T G G 1, 20 

AA GTTT GAGC AT G CAATTT CAA CGAC GT C A CAA C C C GCT. T. G.A. GGGAAAA GAG CAA CG 8 0 

TACT ACT GCT G CAAGAAG GA C C T G T G T AAC TTTAACGAA C A G CTTGAAAA TGG G G GACA 2 4 O 

T C CTTAT CAG. AGAAAACA GT T. CTTCT G CTG G T GA CT C CAT TT CTG G CAGC AG CCTG GAG C 3 O O 

CTT CAT CCCT AA GT C 3 15 
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What is claimed is: 
1. A transgenic non-human mammal all of whose nucle 

ated cells contain a nucleotide sequence encoding human 
CD59, wherein CD59 is expressed on the surface of the 
mammal's cells capable of expressing human CD59, in an 
amount effective to inhibit complement mediated damage 
when the cells are exposed to human blood or serum and 
where the cells express at least 1x10 CD59 molecules per 
cell. 

2. The transgenic mammal of claim 1 wherein the mam 
mal also expresses a protein inhibiting complement selected 
from the group consisting of CD55 and CD46. 
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3. The transgenic mammal of claim 1 wherein the mam 

mal is a pig. 
4. The transgenic mammal of claim 1 wherein the CD59 

molecule comprises the amino acid residues one to seventy 
seven set forth in SEQID NO. 3. 

5. The transgenic mammal of claim 1 wherein the CD59 
molecule is encoded by the nucleotide sequence set forth in 
SEQID NO. 4. 


